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Hypothermia and the Effects of Cold: Introduction 


The modern investigation of hypothermia in man can be said to date from the work of 
Temple Fay and G. W. Smith, carried out during 1938-39. They cooled patients with inoperable 
carcinoma, in the hope that the lowered temperature would affect the new growth more than the 
rest of the body. The clinical work was complemented by the physiological studies of D. B. Dill 
and W. H. Forbes on hypothermic patients. 

During the Second World War hypothermia became important as a complication of sur- 
vival at sea. Shipwreck survivors rescued after prolonged immersion frequently died because of 
their lowered body-temperature. Much work on the effects of body-cooling was thus stimulated, 
with the emphasis on the treatment of hypothermia rather than on its clinical use. After the War, 
A. H. Hegnauer and his associates at Boston started a systematic investigation of the physiology 
of hypothermia in the dog, and about the same time W. G. Bigelow began his work at Toronto 
with a definite clinical object in view—the possibility of using hypothermia as a surgical tool. 

Since 1950, the subject has advanced very rapidly, particularly as the surgical advantages 
of hypothermia have become apparent. Smith and Fay reduced body-temperature to between 
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30° C. and 32° C., and this was a bold and indeed a 
hazardous procedure. For a long time it was found to 
be dangerous to lower the temperature to below 27° C. 
Now C. E. Drew and his colleagues cool their patients 
to below 15° C. 

These achievements are due to clinical research, 
physiological and biochemical studies and brilliant 
technical developments, resulting in the provision of 
apparatus and techniques for extra-corporeal circu- 
lation and hence methods of rapid and effective 
cooling and warming. 

The term “hypothermia” needs to be considered. 
It is usually employed to mean a state in which the 
body-temperature is lowered substantially below the 
normal, perhaps a minimum of 2-3° C. below the 
lowest temperature generally encountered in the par- 
ticular species. In that sense of the word some of the 
papers in this number of the Bulletin might appear 
misplaced. However, a wider interpretation of hypo- 
thermia is suggested, to include not only lowering of 
body-temperature but lowering of the temperature in 
particular regions of the body, such as the limbs in 
man or the body-surface of many animals. Further, 
the subject of hypothermia should include a study of 
the after-effects of body-cooling, both acute and 
chronic. If this is admitted, then it is reasonable to 
include papers such as J. S. Hart’s interesting and 
important paper on physiological effects of continued 
cold on animals and man. Since he is concerned with 
acclimatization, adaptation and acclimation, he deals 
in many cases with animals whose metabolic and other 
responses to body-cooling have enabled them to main- 
tain a normal deep body-temperature in spite of a 
severe lowering of environmental temperature. Even 
considered from the criterion of application to the 
clinical problems of hypothermia, such a paper is 
more than justified as it is certainly important to know 
what long-term effects might be expected from a single 
but frequently severe hypothermic exposure. 

It may also be safely concluded that no physiological 
effects from cold can be expected, certainly no adap- 
tive changes, unless a part or all of the animal is cooled. 
Much of the difficulty experienced in demonstrating 
cold acclimatization in man stems from this fact. 
Without a fairly severe degree of cold exposure it is 
difficult to lower man’s body-temperature. Experi- 
mentally, it is unpleasant to do this and, in the field, 
where so many studies have been made, man is usually 
successful in preventing a fall in body-temperature. 
Man does not tolerate the conditions which are 


necessary to induce acclimatization to cold. Men who 
live in the cold desert—the Eskimo, the Australian 
Aborigine, the bushman of the Kalahari—have de- 
veloped different techniques, but these are, in general, 
extremely effective and successfully prevent body- 
cooling or falls in body-temperature. Although an 
unaccustomed man attempting to sleep under the 
same conditions as the Australian Aborigine fails dis- 
mally and is exceedingly uncomfortable, his body- 
temperature scarcely changes. The Aborigine has 
learnt to sleep in spite of the discomfort, but it is 
questionable whether this ability should be considered 
as an example of cold adaptation or whether it is 
habituation to discomfort. On the other hand, in 
order to produce measurable adaptation to cold in the 
laboratory animal a severe and prolonged cold stimu- 
lus is required. In part, the failure to obtain unequi- 
vocal evidence of adaptation in man is due to the 
difficulty of producing a sufficient cold stress. 

In this, as in other fields, there are difficulties with 
definitions. The words “adaptation” and “‘acclima- 
tization”’ are certainly used very loosely. Hart intro- 
duced the term “acclimation”, and many North 
American workers have accepted and used the word. 
It is still relatively unfamiliar elsewhere. There are at 
least three categories of thermal experience, as Hart 
puts it. The first is a situation in which temperature 
is the only variable, and the term acclimation is 
used to describe the resulting alterations in the 
animal. When modifications induced by climate are 
considered, there are multiple factors, including 
season, latitude and temperature, and these factors 
may interact in such a way that the temperature- 
induced changes may be subordinated. Acclimatiza- 
tion is used for changes acquired as a result of climatic 
exposure. Finally, adaptation is reserved to designate 
racial or species differences in relation to climate. 

This is a clear and logical scheme, and undoubtedly 
if all workers followed it the confusion at present 
existing in the literature would be lessened in the 
future. There are considerable difficulties in accepting 
the terminology proposed, and perhaps the simplest 
step would be the general agreement that there are 
three categories to be considered. The term acclima- 
tion will be unfamiliar to many, if not most, readers in 
the United Kingdom, and would probably convey the 
same meaning as acclimatization. Hart has indeed 
proposed the alternative term “conditioning”, but 
this word is so well established as belonging, in 
physiology, to the field of conditioned reflexes, that it 
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may be unacceptable to use it in Hart’s sense. Ac- 
climatization is widely used in the way that Hart 
proposes it should be, and it would be reasonable to 
expect that the term is meant to include all the factors 
included in climate. 

Adaptation presents other difficulties. The word is 
used by physiologists in the expression “dark- or 
light-adapted eye”. Chamber’s technical dictionary 
(1949) defines adaptation as “the process by which an 
animal or plant becomes fitted to its environment, 
external or internal, or to changes in that environ- 
ment”. Such a wide definition is generally recognized 
in the usual use of the term. Hart has done a valuable 
service in drawing attention to the existing confusion 
and by proposing a logical scheme. But terminologies 
depend upon general acceptance, and it seems unlikely 
that the majority of physiologists will use Hart’s terms. 
It may be wisest, in the absence of a wide measure of 
agreement, to recognize that there are three categories 
of cold experience, and that authors should take care 
to differentiate them, whatever terms they may use. 

The mechanisms by which an animal adapts itself to 
a new and colder environment are being brought to 
light with considerable speed. The single most 
important concept in recent years is that of “non- 
shivering thermogenesis”. Work in a number of 
laboratories in Canada and the USA has shown that 
the raised metabolism of an animal exposed to cold 
is not due solely to shivering. It was found that 
shivering gradually diminished with prolonged ex- 
posure to cold, although the metabolic rate remained 
high, and remained high even after muscle activity had 
been abolished with curare. In their separate labo- 
ratories, L. D. Carlson, Hart and his colleagues, and 
J. P. Hannon have clearly demonstrated that one of 
the mechanisms by which the animal adjusts to cold is 
the increase of heat production by means other than 
shivering. The biochemists have in their turn been 
active, as is indicated by F. Depocas. In particular, 
there is some evidence that the increased heat produc- 
tion of the animal maintained in the cold is in the 
muscles. But there are wide-spread changes in many 
enzyme systems not confined to muscle. In fact, the 
biochemist has established beyond any doubt that in 
the laboratory animal exposed continuously to cold 
there are unequivocal qualitative as well as quanti- 
tative changes in metabolism. 

The papers in this symposium tend to fall into two 
groups. First, there are those which are primarily 
concerned with acute hypothermia in man and in 


Voi. 17 No. 1 


large laboratory animals. These papers indicate one 
of the main drives in the field of hypothermia, tl at is, 
the surgeon’s demand for conditions in which he can 
operate on the heart and vascular system, where there 
is an essential need to suspend the circulation for a 
relatively long period. The most dramatic develop- 
ment in a dramatic field has been the demonstration 
that man can tolerate and recover from body-tempera- 
tures which may be as low as 10°C. And the physio- 
logist has need to be grateful to the surgeon for many 
contributions other than those of brilliant technique. 

There have been several articles on hypothermia in 
previous issues of British Medical Bulletin. In 1955, 
Sir Russell Brock in his Introduction to an issue 
devoted to surgery of the heart and thoracic blood 
vessels pointed out that the influence of surgery is 
stimulating and provocative. Once the pioneer work 
of Bigelow at Toronto and Hegnauer at Boston had 
established the technology and physiology of hypo- 
thermia in the dog, surgical application was rapid and 
wide spread. Apart from the surgical gains, with the 
possibility of treatment of patients who previously 
were regarded as hopeless cases, there was indeed a 
provocative stimulus to physiologists, biochemists, 
and cardiologists. In this Introduction Sir Russell 
added: “‘It is difficult to visualize much more progress 
until open definitive surgery of the heart is estab- 
lished.” Drew, in his article describing deep hypo- 
thermia, cooling to below 15° C., shows that this step 
has been taken. Open-heart surgery is entirely feasible 
under these conditions of deep hypothermia, con- 
ditions which many in 1955 would have considered to 
be impossible to achieve. One of the greatest problems 
in hypothermia has been that of ventricular fibrilla- 
tion, and Professor J. H. Burn’s paper indicates what 
acomplex problem this has proved to be. The surgeon 
has neatly side-stepped the difficulty by cooling the 
patient to cardiac stand-still. Drew points out that in 
the re-warming phase ventricular fibrillation occurs in 
about one-third of patients, is frequently transient, 
and is dealt with easily by a single electric shock. 

The other papers are more strictly physiological and 
indicate the rapidly growing interest in the effects of 
low temperature on the organism. Such an interest is 
long overdue. The mammalian physiologist has all 
too frequently considered that homoeotherms have a 
constant body-temperature, and therefore that all 
phenomena should be investigated at one fixed tem- 
perature. The statement has only to be made in this 
form for its rigidity to be obvious. 
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The student of medicine must now become as 
familiar with the effects of hypothermia as of pyrexia, 
and will then more easily recognize that the peripheral 
regions of the body are normally at a temperature 
below 37° C. and that, to take one example, the dissoci- 
ation curve of haemoglobin is shifted to the left, and 
that this is the usual state of affairs in the skin and 
superficial tissues. 

There are many practical aspects of these physio- 
logical studies other than surgical. Does man 
acclimatize to cold, and, if so, to what extent is his 
metabolic pattern changed? This is a problem of 
considerable military importance. But the effects of 
cold on farm animals such as sheep, pigs and cattle 
are in the long run of possibly greater importance to 
mankind. 

The problem of determining the effects of cold on 
man illustrates the importance of Hart’s use of the 
term “acclimatization” to embrace all the climatic 
factors. Many studies have been made in recent years 
on man in the Antarctic, and these were initiated in 
the hope that knowledge of his adaptation to cold 
would be gained. Although there have been useful 
advances in this field, the main advance has been to 
recognize the total situation, and the gradual identifi- 
cation of the effects of the different factors, including 


day length, high-calorie diets, isolation, freedom from 
infection, and so on. Man is so expert at preventing 
cold exposure even at temperatures close to -100° C. 
that cold in the Antarctic appears almost as a 
secondary factor. 

One of the features of this Bulletin is the large 
contribution from Canada, providing seven of the 16 
authors. This is a high proportion for an issue of the 
British Medical Bulletin, but is an indication of the 
very large volume of work in Canada on the effects of 
cold. In spite of the non-national character of re- 
search, it is probably inevitable that workers are most 
familiar with studies carried out in their own country. 
This is reflected frequently in the references cited, 
and there is an interesting example in this issue. The 
Canadian authors’ references total 411, of which 
78 % are Canadian or American 13% from the United 
Kingdom, and 9% from other sources. The 346 
references of the British authors are divided, on the 
other hand, into 47% Canadian or American, 40% 
from the United Kingdom, and 13% from other 
sources. Undoubtedly one of the important features 
of the present issue will be to introduce to readers in 
the United Kingdom the work of, in particular, 
Canadian research workers. 


0. G. Edholm 


We are indebted to Dr A. S. Parkes who acted as 
Chairman of the committee that planned this sym- 
posium and also as its Scientific Editor. 
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The title of this paper will mean different things to different 
people, for the term “cold” covers a lot of ground, few 
animals are not poikilothermic, and ‘“‘resistance” can be 
variously interpreted. Hence I shall treat the subject in a 
general manner and deal mainly with the principles that have 
become established in each of the several divisions into which 
the topic naturally falls. Going down the temperature scale, 
we have to deal first with moderate cold or chilling and with 
the acclimatization that often accompanies it and makes the 
organism more efficient where it is or more able to endure still 
more cold. At lower temperatures the problem changes to 
avoidance of freezing and, if this is not enough, to tolerance 
of freezing. Finally, at extremely low temperatures, there is 
the possibility of an innocuous type of freezing known as 
vitrification. 


1. Non-Freezing Cold and Acclimatization 


Over a part of the temperature scale it is generally true that 
an animal reacts, respires, grows, and so on, more slowly if the 
temperature is lowered. Against this we may observe a 
tendency to homoeostasis, whereby the animal acclimatizes, 
compensates, or adapts itself and partially or completely over- 
comes the disadvantage of lower temperature. There is a limit 
to such adaptive changes, of course, and further cooling brings 
a cessation of mobility, development, and growth. Yet this 
takes place at a lower temperature than otherwise, as a result 
of acclimatization. Bullock (1955) covered this subject very 
thoroughly in a review to which the reader is referred for 
details. He points out that the fact of temperature compensa- 
tion is not in doubt, for it has been demonstrated over and over 
again, but he warns that metabolism in general should not be 
judged by the reaction of one of its parts. Nevertheless, rates 
of oxygen consumption, heart beat, movement, and so forth, 
are valuable indicators of general metabolism. 

Acclimatization to cold takes a similar form in whatever 
poikilothermic animal it occurs. When the animal is cooled 
its various metabolic rates fall, but after a time one or more of 
these begin to rise and may attain a level that compares 
favourably with the original, depending, of course, on the 
temperatures involved. Thus an aquatic species with a wide 

* Contribution from the Entomology Section 
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latitudinal range may move, respire, or grow as fast in Arctic 
waters as it does farther south. Transfer in either direction 
results in acclimatization to the new temperature conditions. 
The distribution of such a species is greatly extended by its 
ability to adapt itself. The extension may be latitudinal, 
altitudinal, seasonal, or of microhabitat proportions. 

Some animals apparently do not acclimatize or do so to a 
negligible extent. Others exhibit a temperature-insensitive 
range in which metabolism appears to remain constant in its 
net amount, though not necessarily unchanged. If homoeo- 
static regulation is responsible, it must be very rapid, for, as 
Bullock (1955) states, 

. +. we cannot doubt that the component chemical reactions in the 

measured events are temperature-sensitive so that the net insen- 

sitivity is due to active compensation by the equal and opposite 

temperature response of two fractions of the complex. 
Some insects exhibit very rapid acclimatization, periods of 
two hours being sufficient for noticeable acclimatization of a 
parasitic wasp, Dahlbominus fuscipennis (Baldwin, 1954), and 
18 hours for maximum acclimatization of mosquito larvae, 
Aedes aegypti (Mellanby, 1960). Most of the insect work 
concerns activity at low temperatures rather than tolerance of 
cold; however, Colhoun (1954) found that the cockroach, 
Blattella germanica, acclimatized in both respects. 

The nature of acclimatization remains unknown, but that it 
is chemical there seems little doubt. Bullock (1955) discusses 
the work of Precht and his collaborators, who demonstrated 
changes in the activities of several enzymes paralleling the 
cold-acclimatization of the many and varied animals whose 
tissues he used. Later it was found that, while some enzymic 
activities changed during cold-acclimatization, others did not. 
The occurrence of temperature-insensitivity in some of the 
enzymes of bacteria, demonstrated by Barcroft (1934, cited by 
Bullock, 1955), showed that the mechanism for this type of 
reaction exists. In general, cold-acclimatization implies that 
metabolism has undergone a downward shift on the tempera- 
ture scale, probably brought about by enzymes with lower 
temperature optima replacing or dominating other enzymes 
with higher optima. Metabolic versatility is the basis of such 
a system. 

Farther down the temperature scale, the problem changes 
from the maintenance of various activities to one of tolerance 
or cold-hardiness. The business of movement, development, 
growth, and reproduction gives way to the urgency for survival 
—simply to remain alive and healthy until such time as condi- 
tions are again favourable. Temperature and time are here 
inexorably united and, although the relation is not a simple, 
direct one, injury by cold, short of freezing, is generally pro- 
duced more rapidly as the temperature falls. It is thought that 
the injury is caused when some segments of the metabolism 
get out of balance with others, the differential effects thus 
producing an unbalanced, unhealthy organism. Though the 
general effect of reduced temperature is to decrease the rates 
of all metabolic activities, it may also widen the differences 
between some of them. Demonstration that certain enzyme 
systems have ceased to function and that metabolic pathways 
have changed requires laborious procedures, whereas at some- 
what higher low temperatures the effects may be directly 
observed, e.g., fish may swim but not breed, insects may 
develop but not moult, cells may differentiate but not become 
properly organized. The morphological, physiological, and 
biochemical disruptions caused by metabolic insufficiency at 
low temperatures vary as much in degree as in kind. 
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Colhoun (1954) found that cold-acclimatization of cock- 
roaches improved both activity and survival at low tempera- 
tures. This observation suggests that, if cold-acclimatization 
is viewed merely as a downshift on the temperature scale, then 
a change of x degrees for activity will result in an equivalent 
change for survival. Such a simple relation is improbable, for 
it would mean that the metabolism of the organism moves in 
toto with respect to temperature, a concept that is at variance 
with that of metabolic versatility. Nevertheless, the empirical 
demonstration that both types of acclimatization occur con- 
currently should prove to be a useful point in any study of the 
mode of action of acclimatization. 


2. Avoidance of Freezing 
a. Supercooling and Nucleation 


At temperatures below the freezing point of the tissues, 
freezing may be avoided by supercooling. The metastable 
state is itself harmless, and any effects of temperature during 
supercooling are merely continuations of those obtaining at 
temperatures above freezing, as already discussed in the 
previous section. The ability to supercool varies greatly among 
poikilotherms, yet often bears no relation to the needs of the 
species. Nevertheless, a species that must be able to supercool 
to a certain extent in order to survive the winter either does so 
or is eradicated from the area. Others need not supercool at 
all to survive low temperature, for they can tolerate ice forma- 
tion in their tissues, yet they supercool like the rest. 

Our real concern is not with supercooling as such, but with 
the freezing that terminates it. Freezing is initiated by an ice- 
crystal nucleus, which is formed in response to certain situa- 
tions and conditions. Collectively these events comprise the 
subject of nucleation, which I have fully discussed (Salt, 1958a), 
and is briefly covered in what follows. As the temperature is 
lowered below the freezing point, the molecular arrangement 
of water becomes more and more ice-like. The molecules 
slow down, they come closer together, and the probability of 
a chance orientation into the ice-lattice structure becomes 
stronger. It is thought that aggregations of molecules are first 
formed and that these grow or shrink in response to various 
factors, particularly temperature. Freezing does not begin 
until an aggregation attains a certain critical size, when it 
becomes a crystal nucleus. Ice formation is then assured by 
the growth, by accretion, of the nucleus. The rate of this 
growth is roughly proportional to the extent of supercooling, 
but is decreased by mechanical barriers such as viscous media 
or gels that are dehydrated at and by the advancing ice front. 
In typical insect tissues, supercooled at least six or eight degrees, 
the ice front advances throughout the body in a small fraction 
of a second, whereas at a degree or two below the freezing 
point the advance may take minutes. When growth is fast, the 
probability of additional nuclei forming in the unfrozen 
portion is very slight, but when growth is slow, time is provided 
(proportionally) for multiple nucleation. In extreme cases, as 
in very dry or very viscous systems, growth may be so slow 
that the crystals never reach visible size; if the conditions that 
created the first nucleus persist, the result will be innumerable 
ice crystals little larger than nuclei, invisible to the optical 
microscope but detectable by x-ray diffraction. The same 
effect can be produced by cooling very small amounts very 
rapidly to very low temperatures. Innumerable nuclei are 
produced, but they are denied time to grow, which they do 
better at somewhat higher low temperatures. The viscosity 


increases also as the temperature is lowered. The result is 
vitrification rather than freezing in the usual sense of the word. 

Supercooling may persist for long periods if conditions are 
not sufficiently favourable for nucleation. Further cooling, 
however, will increase the probability of nucleation and 
eventually make it practically certain. 

This brief description of nucleation has assumed that only 
water molecules are used in building a nucleus. When this is 
so, nucleation is said to be homogeneous. Freezing in bio- 
logical tissues, however, probably involves heterogeneous 
nucleation, in which the nucleus is formed by the addition of 
supercooled water molecules on to a foreign (i.e., non-aqueous) 
surface. The more closely this surface resembles the crystal 
structure of ice, the more efficient it is as a nucleating agent; 
e.g., crystals of silver iodide, the best agent known for nucleat- 
ing water, have a lattice very similar to that of ice. Water can 
seldom, if ever, be completely free of foreign surfaces and, of 
course, in a biological tissue it is intimately associated with a 
wide variety of particulate matter. Since the nucleating 
efficiencies of surfaces vary, the limit of supercooling is actually 
imposed by the most efficient one present. Because nucleation 
also depends on the probability of a particular molecular 
orientation, it follows that the number of “‘most efficient”’ 
nucleating agents present and the size of the water mass, as 
well as time, influence nucleation. Furthermore, a nucleating 
agent will nucleate at different temperatures, depending on 
whether it is inside a mass of water or in its surface layer, and 
on the influence of surface forces on it. 

Such basic considerations are often essential to the proper 
interpretation of results, but fortunately, in most practical 
studies with whole organisms, conditions are reasonably 
uniform in a given group, and it is necessary only to adopt a 
standard cooling procedure. Thus one can compare species, 
stages, treatments, backgrounds, and so forth, without much 
concern about the exact nature of the nucleating agents. 
Nevertheless, the interpretation of results, and even more 
their prediction, demands a proper appreciation of nucleation 
theory. Such application has in the past few years tremendous- 
ly advanced our knowledge of insect freezing, and most of this 
is equally applicable to other poikilothermic animals. Some 
examples follow. 

i. Nucleation in the Digestive Tract. Some of the most 
efficient nucleating agents known are mineral particles blown 
about in the atmosphere in the form of dust or suspended in 
natural waters. The food of a chewing animal is almost 
certain to contain such particles and, as their nucleating 
efficiency surpasses that of the indigenous agents within the 
tissues, they rob the animal of much of its supercooling 
potential or cold-hardiness. In addition, the food itself can be 
frozen and may possess its own agents of high efficiency. 
Furthermore, maceration of the food produces aqueous 
masses that, by virtue of their surface characteristics in par- 
ticular, raise the efficiency of nucleating agents within them 
above the level possessed in the intact food. Though there may 
be exceptions, it is assumed that frozen food in the alimentary 
tract inoculates the tissues of the organism. 

The nucleating efficiency of food and of its contaminants 
is soon reduced by passage through the digestive tract. 
Chemical changes are undoubtedly responsible in part, but it 
is also thought that the surfaces responsible for nucleation 
soon become coated with proteinaceous and other substances 
that “‘smother” them (Salt, 1958a). ; 

Some of the changes in cold-hardiness that an individual 
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organism undergoes during its life-cycle can be attributed to 
the foregoing phenomena. An insect, for example, gains cold- 
hardiness (supercooling potential) during a moulting period 
because it stops feeding and empties the fore-gut and hind-gut 
in readiness for ecdysis. As soon as it resumes feeding after 
the moult, its cold-hardiness is reduced again to the level 
between moults (Salt, 1953). 

ii. Nucleation in Contact Moisture. This is somewhat 
analogous to the situation in the digestive tract, except that 
the nucleation takes place on the surface of the organism, in 
“foreign” water. If ice thus formed penetrates or grows 
through the cuticle, skin, shell, and so on, the interior tissues 
are frozen by inoculation from without, whereas, if there is no 
penetration, the exterior ice is without effect. It is apparent 
that, among poikilothermic animals, all degrees of suscepti- 
bility or resistance to freezing caused by inoculation will be 
found, depending on the properties of their outer covering and 
on the microhabitat in which they hibernate. 

iii. Influence of Time on Nucleation. Because nucleation 
depends on the probability of a particular molecular event, 
the time required for it actually to occur is a variable quantity. 
If an individual cooled at the rate of a few degrees a minute 
freezes spontaneously at, say, — 20° C., it would probably have 
frozen at a slightly higher temperature had the cooling rate 
been slower. Or, if cooling were stopped at — 19° C., freezing 
might take place after a minute or two, at —17° C. after an 
hour or two, or at still higher temperatures only after days, 
weeks, or even months. Such effects have been verified with 
insect material (Salt, 1950). Under natural conditions of 
hibernation, of course, temperatures fluctuate and so does the 
probability of nucleation. I have discussed more fully this 
aspect of supercooling, which has important implications for 
organisms spending long periods in the supercooled state 
(Salt, 1958a, 1961). 


b. Influence of Dehydration on Cold-Hardiness 


Water loss concentrates solutes and thereby lowers freezing 
points. Supercooling points fall an equivalent amount plus a 
small additional amount due to increased viscosity. Where 
cold-hardiness depends on supercooling ability, then, water 
loss helps, but usually to a very minor extent. I elaborated 
this point (Salt, 1956), and showed that water loss must usually 
be extreme before supercooling points fall appreciably. Only 
organisms capable of withstanding highsolute concentrations 
could use such a means of increasing their cold-hardiness. 

It is nevertheless commonly assumed that dehydration 
appreciably i increases the cold-hardiness of tissues and whole 
organisms, and good correlations between them are indeed 
frequently obtained. However, the relation is valid only to the 
extent covered in the preceding paragraph, and the good 
correlations are chiefly produced by combinations of the 
following sets of circumstances: (i) cold-hardiness is usually 
greater in hibernating than in other stages because, as explained 
more fully elsewhere in this paper, the non-feeding hibernator 
is more cold-hardy than its former feeding self; the glycerolated 
hibernator is more cold-hardy than its former non-glycerolated 
self; (ii) water content is usually less in hibernating than in 
other stages because of gut-evacuation, because of cessation 
or decrease of various secretory activities, and because of the 
accumulation of non-aqueous storage materials in the fat body, 
and the consequent reduction of need for water in other tissues. 

Nor is there any sound evidence that dehydration allows 
significantly better survival after freezing. On the contrary, 
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larvae of Cephus cinctus that had lost 20-30% of their original 
weight by drying at 5° C. survived freezing much more poorly 
than controls kept at 5° C. without drying. They were frozen, 
by inoculation, for one hour at — 10° C, (Salt, unpublished 
data). Less ice was formed in the dry larvae, yet they suffered 
much greater injury than the controls. The osmotic concentra- 
tion of the unfrozen body-fluids would of course be the same 


in both groups at — 10° C. 


3. Freezing Tolerance 


The ability of some insects to survive ice formation within 
their bodies has been known for over 200 years, since the days 
of Réaumur. Many animals hibernate in exposed situations 
where they must either survive freezing or else supercool 
beyond the minimum temperatures of their environment. 
However, supercooling in water is limited to about 40 C, degrees 
under the most ideal conditions (Mason, 1956) and to about 
30-35C. degrees under practical conditions (Salt, 1958a, 1959a). 
Thus, if temperatures lower than about — 30° C. (—22° F.) 
are to be tolerated, the organism must have a low freezing 
point in addition to maximum supercooling ability, or else be 
able to survive freezing. So far as is known, the only low 
freezing points found in poikilotherms are the result of very 
high glycerol concentrations, which confer both freezing 
tolerance and lower supercooling points. 

The nature of freezing tolerance has not yet been satis- 
factorily explained because the mechanism of injury by freezing 
is still in dispute. Lovelock (1953a, 1953b, 1954), proceeding 
on the assumption that high electrolyte concentrations are the 
cause of injury by freezing, showed how neutral solutes 
alleviate the injury. Levitt (1958) disagreed with the assump- 
tion and also challenged some of Lovelock’s evidence of 
protection. Levitt favours a mechanical theory of freezing 
injury. So also do a group of Japanese workers, notably 
Asahina (1958) and Asahina & Aoki (1958), who feel that 
intracellular freezing is invariably fatal whereas extracellular 
freezing is innocuous up to a point. Although the evidence in 
favour of this view-point is convincing, I have shown (Salt, 
1959b) that the fat cells of an insect, Eurosta solidaginis, 
survive internal freezing. 

In 1956 Wyatt and Kalf reported that they had identified 
free glycerol in the haemolymph of diapausing pupae of 
Hyalophora cecropia (L.) (Wyatt & Kalf, 1958). Chino (1957) 
found that, in eggs of Bombyx mori, glycogen was converted 
to glycerol and sorbitol upon entry into diapause and was 
re-synthesized when diapause was ended. I found glycerol in 
hibernating Eurosta solidaginis larvae and Antheraea poly- 
Phemus pupae, which are tolerant to freezing, and also in 
Loxostege sticticalis larvae, which are not (Salt, 1957). L. 
sticticalis alone possessed glycerol, out of 17 stages of 10 
species of insects that are killed by freezing. Eurosta contained 
sorbitol also. Later, I reported very high concentrations of 
glycerol, more than five molal, in overwintering larvae of 
Bracon cephi (Gahan), and showed its dual effect on the cold- 
hardiness of this species (Salt, 1958b, 1959a). Similar concen- 
trations of glycerol have since been found in other hibernating 
insects tolerant of freezing. 

The discovery of glycerol in insects naturally promised a 
better understanding of their tolerance of freezing, since 
glycerol had, in the preceding decade, come into wide use for 
preserving sperm, blood cells, and the like, in the frozen state. 
This has been partially realized, for reports of the finding of 
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glycerol in additional species are becoming commonplace, and 
it now appears likely that all insects tolerant of freezing, and 
perhaps other invertebrates as well, contain glycerol or some 
equivalent as a protective substance. The intertidal molluscs 
that Kanwisher (1955) found to survive freezing twice daily at 
low tide probably contain glycerol. 

Lovelock (1954) pointed out that the addition of neutral 
solutes, by lowering the freezing point, reduces the electrolyte 
concentration of the unfrozen residue at any given sub-freezing 
temperature. Hence the cell can be cooled more than formerly 
before harmful concentrations are reached. This assumes that 
high electrolyte concentrations are the cause of injury, a 
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HIBERNATION IN MAMMALS AND BIRDS L. Harrison Matthews 


y Although the literature on hibernation is large there are still 
e i many aspects of the phenomenon that are not well understood. 
e Space prevents this paper’s being more than a brief review of 
y the subject and the more recent work published upon it, but 

reference should be made to the classic work of Dubois (1896), 
- HIBERNATION IN MAMMALS AND to the early work of Pembrey and his colleagues (Pembrey & 
*) BIRDS Hale White, 1896; Pembrey & Pitts, 1899; Pembrey, 1901) 
* and, among later comprehensive papers, to those by Johnson 
e | (1931), Ferdmann & Feinschmidt (1932), Benedict & Lee 
e (1938), Kayser (1950), Lyman & Chatfield (1955), Eisentraut 
. ' L. HARRISON MATTHEWS Sc.D. F.R.S. (1956), and Herter (1956). 
i Zoological Society of London 
: 1. Activity During Hibernation 
1 Activity during hibernation Hibernation is often interrupted—the dormouse, the 
: 2 Physiological changes in mammals during hibernation marmot, and others lay up stores of food in or near the 
: Quest pe winter nest, which are presumably eaten when these animals, 
| 5 Hibernation in birds like the bats, awake at intervals. The onset, too, of winter 
| References torpidity is very irregular in many species; in the hedgehog 
sleep may last for only a few days at a time, with intervals of 
activity, until the winter is well advanced. 
Control of the body-temperature is imperfect in the young of None of Fellner’s colony of golden hamsters, which 
most mammals and birds at birth, but it becomes established averaged 42 days’ hibernation, slept continuously; the torpor 

, within a limited period of time, which varies between different of all was interrupted, and one hibernated for a total of only 

P species, so that the young animal is then able to maintain the seven days through the whole winter (Fellner, 1956). Panuska 
temperature normal for its kind. The normal temperature, & Wade (1958) found that hamsters hibernating in a cold room 
however, is by no means as constant as was formerly believed. woke on an average every three days, though some were 
A rise of temperature accompanies vigorous activity, and a inactive for up to five or six days. In Perognathus longimembris, 
drop ranging from one to several degrees centigrade occurs in Bartholomew & Cade (1957) found that temperature regula- 
many homoeothermic animals when at rest. Although this tion was unimpaired at ambient temperatures near 0° C. if 
drop probably occurs in all warm-blooded animals, the food was available, but that when the ambient temperature 
temperature-regulating mechanism continues to function and exceeded the body-temperature the animals became hyper- 
the lowered body-temperature is held far above the ambient thermic. At ambient temperatures of 0-9° C. some of the 
temperature. animals started hibernating even when food was available; 
A few species of mammals and birds, however, although hibernation involved a single rapid drop of the body- 
homoeothermic when active, are able to disengage the temperature to within a degree or less of the ambient tem- 
temperature-regulating mechanism under certain conditions perature. During hibernation at an ambient temperature of 
; and become almost poikilothermic. When this occurs the 8° C. the weight loss was less than at 21° C., because of the 
| whole metabolism is greatly reduced, and the animal becomes earlier onset of torpor, the lower metabolic rate, and the 
torpid so that it does not respond to stimuli and on super- infrequency of arousal at the lower temperature. 
ficial examination appears to be dead. As a result of becoming Although hibernating bats wake and move about within 
torpid, such animals are able to survive adverse environ- their caves, Mumford (1958) found no evidence of feeding 
& mental conditions such as lack of food or low temperatures during the winter, and Beer & Richards (1956) agree that such 
| for a considerable time—some from four to six months— winter movements cannot be for feeding, though perhaps they 
though unbroken torpidity is usually of shorter duration. may be for drinking. On the other hand these authors have 
There is no essential physiological difference in torpidity kept specimens in the laboratory at 4—5° C. continuously torpid 
according to whether it lasts for a long or a short time, and for nearly six months without feeding, after which the animals 
consequently there is no qualitative difference between the resumed activity and were perfectly healthy. Activity during 
seasonal torpidity of animals that hibernate or aestivate, and the hibernation period, therefore, does not necessarily imply 
the diurnal torpidity of animals such as bats and humming- that the animals feed. 
birds that become torpid during their daily periods of in- 
; activity. Hibernation and artificial hypothermia, on the other ‘ 
hand, do differ: the loss of temperature regulation in natural 2. Pigslelagion Leena? Mammals During 
hibernation and torpidity is due to internal causes and not, as 
in hypothermia artificially induced in non-hibernators, to a In a hibernating mammal the respiration rate is greatly 
lowering of the body-temperature through a lowering of the reduced, and is often of the Cheyne-Stokes type with long 
ambient temperature. Furthermore, although a hibernating intervals of apnoea. At the same time the heart rate becomes 
mammal becomes almost poikilothermic, the thermo- very slow and, in some bats at least, the circulation is further 
regulatory mechanism is not completely suppressed, as the retarded by the spleen’s acting as a reservoir for blood, with 
body-temperature refuses to follow the ambient temperature which it becomes distended to about seven times its normal 
when the latter approaches dangerously near to freezing; at size (Evans, 1938). Lyman, Weiss, O’Brien & Barbeau (1957) 
this point the animal awakes and becomes fully homoeothermic found that the erythrocyte count and total haemoglobin levels 
again. were somewhat higher in hamsters exposed to cold whether 
fl. 1961) Vol. 17 No. 1 
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they were hibernating or not, and that any increase in the 
blood volume: body-weight ratio was due to loss of weight. 
There is a pronounced leucopenia during hibernation, an 
unexplained condition that appears to occur in all hibernators. 
The number of circulating reticulocytes is greatly reduced and 
the haematopoietic organs appear to be inactive. Massive 
bleeding in active animals, whether warm or cold, produces a 
marked reticulocytosis, but hibernation suppresses this 
response which, long delayed, takes place at the end of 
hibernation. As there is no anaemia at the end of hibernation 
these authors concluded that “‘. . . either the life of the erythro- 
cyte is prolonged by hibernation, or else older erythrocytes are 
tolerated during the hibernation period.”’ Riedesel (1957) and 
Riedesel & Folk (1957, 1958) have investigated the serum 
electrolyte levels in several species of hibernating mammals. 
They find that the level of magnesium in the serum is in- 
creased from 29% to 62% above normal during torpidity, 
whereas cold exposure without hibernation produces no rise. 
The increased magnesium level is as characteristic of hiberna- 
tion as are reduced metabolism and temperature. They find 
that the rise in serum magnesium is an active process and is 
not due to a loss of water from the blood. They postulate 
that, when enough tissue has been cooled, there is a release of 
magnesium from the cells into the plasma, and that the 
increase affects the heat-loss centre of the hypothalamus so that 
the body-temperature and metabolism drop to hibernation 
levels. They find that awakening does not require a preceding 
lowering of the serum magnesium, and that there is no 
reduction when the body-temperature is raised to 18° C., but 
that one hour after arousal the level has dropped to that 
normal for the active state. 

Suomalainen & Uuspaa (1958) report that the adrenaline: 
noradrenaline ratio in the adrenals of the hedgehog increases 
in September as a result of a fall in the noradrenaline content; 
during deep hibernation the noradrenaline content is very low 
but that of adrenaline is strikingly high. They suggest that 
hibernation is therefore a general adaptation syndrome 
initiated by cold stress developed in the autumn before 
hibernation starts, but point out that the physiological 
significance of the low noradrenaline content of the adrenals 
during hibernation is not known. They also emphasize that, 
despite the increase in the adrenaline content of the adrenals, 
the factors responsible for the special features of hibernation 
such as bradycardia, hypoglycaemia, and the steady glycogen 
content of the liver and muscles, are likewise unknown. They 
conclude that the physiological production of the different 
catecholamines in the adrenals is controlled by separate 
hypothalamic centres. Kayser (1957) had already found that 
extirpation of the adrenals considerably retards entry into 
hibernation, and that animals operated on in this way sleep 
ten times less than normal controls. 

Suomalainen (1939) has also shown that the blood-sugar 
level in hibernating hedgehogs is about half that normal for 
the active state, and has produced an artificial hibernation by 
injecting active hedgehogs in summer with insulin and 
subjecting them to a lowered ambient temperature. He also 
found that during hibernation there is a great hypertrophy of 
the insulin cells of the islets in the pancreas. 

Lachiver, Olivereau & Kayser (1957) investigated the thy- 
roid of Eliomys during hibernation by the injection of radio- 
iodine, and found that there was very little activity in deep 
hibernation, but that activity was resumed shortly before 
awakening in the spring. Mogler (1958), working on the 
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golden hamster, concluded that most of the endocrine glands 
of hibernating mammals have two maxima of activity, one in 
spring and the other in the autumn. 

The brown-fat deposits of adipose and lymphatic tissue 
round the blood vessels in the neck, chest and elsewhere, that 
are found in all mammals, are particularly prominent in 
hibernators. Boerner-Patzelt (1957) has recently made a 
histological study of the brown fat in the hedgehog and finds 
that there is an increased activity in the adipose cells during 
hibernation. The brown fat is richly vascularized and has a 
complicated system of blood vessels into which a substance 
apparently of a lipoprotein nature is secreted, so that the 
brown fat may, according to this author, properly be regarded 
as a “hibernating gland”’. 

It is clear that a very tangled skein of endocrine activities 
and interactions still remains to be unravelled in elucidating 
the physiology of hibernation, but that considerable progress 
has already been made in separating the threads. Much 
recent work has been concentrated on the phenomena 
accompanying the onset of and arousal from hibernation, and 
the results form a valuable contribution to our understanding 
of the subject. 


3. Onset of Hibernation of Mammals 


The causes of the onset of torpidity are not fully understood 
but it is known that low ambient temperature alone is not one, 
for hibernation often starts when the ambient temperature is 
comparatively high, as does the diurnal torpidity of humming- 
birds and bats. Furthermore, a hibernator when active is able 
to withstand ambient temperatures far below that which is 
fatal for it while hibernating. Popovic & Popovic (1956) found 
that Citellus citellus began hibernating at an ambient tem- 
perature of 30° C. and that the body-temperature fell to 
31-32° C., but that when the ambient temperature fell to 
below 0° C. most of the experimental animals died, whereas 
while active they were able to withstand ambient temperatures 
of —15° C. These authors point out that in nature the 
hibernacula of this species are 60 cm. or more below ground, 
where the temperature never falls below 0.3° C. On the other 
hand Svihla (1958) found that in Citellus undulatus parryi the 
tolerance of temperatures at or below freezing was greater 
than had previously been supposed. His experimental 
animals did not wake or die at body-temperatures of 29-32° F.? 
and one remained torpid for 18 days at ambient temperatures 
below freezing. In general, however, when hibernators are in 
a poikilothermic state a lowering of the ambient temperature 
to freezing or below causes the animals either to awake or to 
die. Lyman (1948) found that hibernating hamsters respond 
to reduced ambient temperatures between —1.5° C. and 
1.0° C. in this way. The majority increased their oxygen 
consumption and body-temperature and finally awoke; some 
increased their oxygen consumption to 3-4 times that before 
the ambient temperature was reduced and maintained their 
body-temperature at 1.7—3.4° C. above the ambient tempera- 
ture for up to 22 hours; the remainder died. In the ground- 
squirrel Citellus tridecemlineatus, Johnson (1929) similarly 
found that when hibernating animals were subjected to 
temperatures near freezing many awoke and then returned to 
hibernation at these low temperatures. Those that did not 
wake died when the ambient temperature was 0° C. or below. 
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Wyss (1932) found that dormice showed a great increase in 
metabolism at ambient temperatures below 0° C. and that the 
body-temperature was then at least 2° C. Hock (1951) also 
showed by recording oxygen consumption that, when the 
animals were exposed to temperatures near freezing, the 
metabolic rate of Myotis lucifugus was greatly increased over 
that found at 2° C. 

When hibernation begins the heart rate and blood pressure 
drop rapidly, probably under the influence of the central 
nervous system in a way that is not at present understood, and 
this is followed by a drop in body-temperature—the fall in 
temperature always follows and never precedes the brady- 
cardia. Lyman? found that, as hibernation becomes deeper, 
the peripheral vascular resistance increases linearly with the 
temperature decrease, so that by the time deep hibernation is 
reached a remarkably high heart-blood pressure is maintained 
with systolic pressures of 60-90 mm. Hg, although the heart 
rate may be no more than four beats a minute. The vaso- 
constriction appears to be equal throughout the body, for the 
temperatures of all the deeper parts of the body decline at the 
same time; on the other hand, the vasoconstriction is not 
complete, as the injection of noradrenaline causes an increase 
in blood pressure. The increased viscosity of the blood at 
lower temperatures contributes to the rise in peripheral 
circulatory resistance, but the immediate reduction of resist- 
ance on the injection of vasodilatory substances acting 
neurogenically shows that vasoconstriction induced by the 
central nervous system is the main cause of the resistance. 

Further evidence that the onset of. hibernation is brought 
about solely by internal factors is provided by the experi- 
ments of Pengelley & Fisher (1957). These authors, working 
with various species of ground-squirrel of the genus Citellus, 
kept a specimen of Citellus lateralis for nearly two years under 
conditions “‘. . . removed from all known seasonal fluctuations 
in temperature, light and availability of food.” The mean 
temperature was 35° F., and fluctuated from a little above to a 
little below freezing, and an artificial day and night of 12 
hours each was maintained. The animal was provided with 
ample food, water, and bedding. In spite of the removal of all 
external seasonal stimuli the squirrel hibernated only at the 
times that animals of the species hibernate in the wild, from 
October to May, and was active from June to September. 
Pengelley and Fisher conclude that as no external factor can 
conceivably have given a clue to the time of the year the 
animals must possess some form of “‘internal seasonal clock” 
to maintain the rhythm. 


4. Arousal of Mammals from Hibernation 


The process of arousal from hibernation is an almost exact 
reversal of the process of entering it. Unlike poikilothermic 
animals, hibernating homoeothermic animals, although they 
are temporarily poikilothermic, do not need to be warmed by 
the ambient temperature to be aroused. Any adequate 
stimulus, such as handling, awakes a hibernating homoeo- 
therm regardless of a low ambient temperature and, as 
mentioned above, a drop in the ambient temperature to 
freezing point or a little. above is also generally a stimulus to 
arousal. 

After stimulation the heart rate increases in frequency, and 
a rise in the metabolic rate and body-temperature then 


® Lyman, C. P. (1959) Alaskan AirCommand. Arctic Aeromedical Laboratory 
(Ladd Air Force Base). Technical Note AAL-TN-59-13. (Unpublished) 
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follows. Lyman & Chatfield (1950) found that golden 
hamsters hibernating in an ambient temperature of 5° C, 

have the same body-temperature. On arousal the anterior 
part of the body warms faster than the posterior part. Vaso- 
dilatation occurs at once in the anterior part, causing a rapid 
drop in circulatory resistance and a compensating increase in 
heart rate; even an animal from which the abdominal viscera 
have been removed warms as quickly from 5° C, to 27° C, as 
anormal one. The action of the skeletal muscles is of primary 
importance in raising the temperature, first by vague move- 
ments and then by violent shivering; even in deep hibernation 
action potentials can be detected in the muscles. A curarized 
animal arouses very slowly and the normal homoeothermic 
temperature of 37° C. is never reached. The heart rate rises 
from 6 to over 500 beats a minute and, when beating so fast 
against a high peripheral resistance, its mechanical efficiency 
is low and consequently it produces a large amount of heat; 
this effect is second in importance only to that of the skeletal 
muscles in warming the animal. In his later paper Lyman? 
points out that, when the anterior part of the body has warmed 
and the heart temperature reaches 37° C. and a very high 
blood pressure is produced, vasodilatation takes place in the 
posterior part and “ . . . the blood pressure drops because such 
high pressures cannot be maintained when the whole vascular 
bed of the animal is open, in spite of the fact that the heart is 
racing at very high rates.”” The net result of these processes of 
vasoconstriction and dilatation is that the blood pressure during 
hibernation never drops to the very low level that might be 
expected, and on arousal the animal warms itself in the most 
efficient way. This mechanism seems to be general in hiber- 
nating animals during arousal from torpidity, for the anterior 
parts of the body warmed more quickly than the posterior in 
the two species of European bats studied by Eliassen (1956) 
and in the European hedgehog studied by Suomalainen & 
Suvanto (1953). 


5. Hibernation in Birds 


The proof that some birds hibernate is comparatively recent 
although hibernation had long been suspected to occur 
amongst them. 

Hanna (1917) studied the white-throated swift Aeronauses 
melanoleucus for a number of years at its nesting place in 
crannies of the cliffs in Slover Mountain, San Bernardino 
County, California. During an extremely cold wave in 
January 1913 eight swifts were taken out of a crevice where 
they, with many others, were roosting “in a dazed or numb 
state.” Hanna concluded that it seemed possible that these 
birds may have an intermittent hibernation period because, 
although they did not appear for many days in the coldest 
weather, yet he found they were plentiful in the rocks in a 
dormant state. As pointed out above, there is no basic 
physiological difference between prolonged hibernation and 
temporary torpidity, and, although Hanna’s observations 
showed that torpidity occurs in some birds, they attracted little 
attention. 

Chaplin (1933a, 1933b, 1933c) recalled that in the nineteenth 
century Gould had noted torpidity in humming-birds 
(Trochilidae), and reported that he himself had found 
Chrysolampis moschitus and Eupetomena macroura torpid at 
ambient temperatures of 63-70° F. The birds sat on their 
perches with the head drawn down on to the shoulders, and 
“*_ . . Showed to all appearance no spark of life; they could be 
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moved about and laid on the table like as many dried skins” 
(Chaplin, 1933b). Chaplin observed that torpidity was not 
due to cold, as the birds were aroused when disturbed at 
lowered ambient temperatures and were often active at 56° F.; 
torpidity occurred in one bird for periods of 17, 15, and 20 
hours within four days. He suggested from his experience 
that the allied swifts, nightjars, and even the colies might have 
a similar power of torpidity. Six years later Huxley, Webb & 
Best (1939), apparently in ignorance of the literature, pub- 
lished similar though less precise observations, thinking them 
to be original. 

McAtee (1947) reviewed the literature on torpidity in birds 
and could find few records, beyond those just mentioned, in 
which reliable witnesses reported first-hand observations. He 
wrote just too soon to include the remarkable discovery by 
Jaeger (1948) of a bird that undoubtedly hibernates. 
Phalaenoptilus nuttalli, the Nuttall’s poorwill, is an insecti- 
vorous summer migrant to parts of the southern United 
States of America whence it departs at the onset of winter to 
parts unknown. At the end of December 1946 Jaeger came 
across one of these birds hibernating in a rock crevice of a 
deep canyon among the Chuckawalla Mountains of the 
Colorado Desert in California. The bird was sitting inert, 
with its respiration and heart rate reduced to so low a level 
that they could not be detected with the apparatus available 
in the field; its temperature was more than 40° F. below that 
normal for its active state. A ring was placed upon its leg and 
Jaeger (1949) was able to report that in four successive 
winters it was found hibernating in the same niche of refuge. 
It is peculiar that since then only one other bird of this species 
has been found hibernating in the wild (Thorburg, 1953). 
Marshall (1955), however, observed hibernation in captive 
poorwills and the allied trilling nighthawk Chordeiles acuti- 
pennis. The latter had a body-temperature of 18.6° C. and 
19.2° C. while the ambient temperature was 18.7° C., and on 
waking reached 38.9° C. There were large fat deposits at the 
beginning of winter. Torpidity in the poorwills was induced 
by withholding food for two or three days so that the birds 
lost about 20% of their weight. Handling or any disturbance 
caused the hibernating birds to awake and become active 
within a few hours regardless of the ambient temperature. 
The body-temperature of the birds when awake varied from 
37° C. to 40° C. according to their degree of activity, but 
when torpid it dropped to 6.0° C., 8.5° C., and 10.2° C. with 
ambient temperatures of — 1° C., 7° C., and 5° C. respectively. 
Marshall concluded that these caprimulgids are probably 
aroused in the wild when ambient temperatures reach about 
20° C., and that their torpidity is a prolonged hibernation and 
not a diurnal torpidity as in humming-birds and in bats when 
not in hibernation. Bartholomew, Howell & Cade (1957) 
found that when a poorwill became torpid at an ambient 
temperature of 3.5° C. the body-temperature dropped to 
4.8° C., and that arousal occurred when the air temperature 


REFERENCES 


Bartholomew, G. A. & Cade, T. J. (1957) J. Mammal. 38, 60 
a7 Catal G. A., Howell, T. R. & Cade, T. J. (1957) Condor, 
Beer, J. R. & Richards, A. G. (1956) J. Mammal. 37, 31 
Benedict, F. G. & Lee, R. C. (1938) Publ. Carneg. Instn, No. 497 
Boerner-Patzelt, D. (1957) Z. mikr.-anat. Forsch. 63, 5 

Chaplin, A. 0 Avicult. Mag. 11, 209 

Chaplin, A. (1933b) Avicult. Mag. 11, 231 

Chaplin, A. (1933c) Avicult. Mag. 11, 431 


was raised gradually to 22° C.; it took several hours for the 
body-temperature to reach 35° C. and the bird then appeared 
to be fully active. They were able to show that a fat deposit 
weighing 10 g. would sustain a torpid bird for 100 days. In 
these birds, torpor and a reduced body-temperature are a 
means for energy conservation for survival during long 
periods of fasting. In humming-birds and bats, on the other 
hand, the only homoeothermic animals known to have a 
daily cycle of torpor, it is, as Bartholomew and his colleagues 
point out, associated with small body-size and high metabolic 
rates during daily activity. They found that humming-birds 
became torpid at various ambient temperatures between 2° C. 
and 0.3° C., and recorded a body-temperature as low as 
8.8° C. and a metabolic rate of 0.3 ml. O,/g./hr. Arousal was 
rapid and the body-temperature rose 1 — 1.5° C. a minute with 
an air temperature of 23° C.; the arousal is about the same as 
in bats, but the metabolic rate during torpidity is almost twice 
that of torpid bats. 

These authors found that white-throated swifts experienced 
reduced body-temperatures at ambient temperatures of 4° C. 
and 22° C., but did not recover if the body-temperature fell 
below 20° C.; they became torpid more readily if they had 
lost weight while in captivity. The rate of increase of body- 
temperature during arousal was 0.4° C. a minute at air 
temperatures both of 4° C. and 22° C.; the birds can become 
active at body-temperatures as low as 35° C. 

Nestlings of the common swift, Apus apus, become torpid 
when weather conditions are such that their parent cannot 
obtain the supply of insects necessary for feeding them 
(Koskimies, 1948; Lack & Lack, 1951). They can withstand 
many days of fasting that would be fatal to the nestlings of 
most birds and, while they are unfed, their body-weight falls 
steadily as first the fat deposits and then the tissues are drawn 
upon to maintain the basal metabolism; recovery sometimes 
occurs when as much as 50% of the weight has thus been lost. 
The temperature of the adult swift is 105—106° F.; that of the 
feathered young ranges from 99° F. to 102° F. but rises to 
105° F. shortly before they leave the nest. After several days 
of starvation, the temperature of the unfeathered nestling, 
however, falls at night nearly to that of the air, sometimes as 
low as 70° F., but rises to normal during the day. The 
nestlings are thus homoeothermic by day but poikilothermic 
by night. 

Bartholomew and his colleagues point out that birds, 
unlike most mammals, enter into torpidity rapidly and without 
interruption, but that swifts and caprimulgids do so only after 
a considerable loss of weight. On the other hand, low 
ambient temperatures are not essential for the onset of 
torpidity. They conclude that although the physiological 
factors controlling torpidity in birds and mammals are still 
unknown the abruptness of the decline in temperature or 
metabolic rate in both suggests that the central nervous 
system probably controls its initiation. 
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The maintenance of a relatively constant deep body-tempera- 
ture in man is achieved, in part at least, at the expense of wide 
temperature changes in the more peripheral tissues. The 
physiologist wishes to establish the range of such temperature 
changes in different parts of the body on exposure to particular 
environmental conditions, how such changes in temperature 
affect the separate and integrated functions of the component 
tissues, and how local changes resulting from cooling one part 
of the body affect the functioning of other parts and of the 
organism as a whole. He also seeks to discover whether 
repeated or prolonged exposure to cold induces adaptive 
processes which mitigate the detrimental effects of cooling. 
The majority of the studies in this field have been concen- 
trated on the hands. This is partly because they are man’s 
most vulnerable parts and partly because loss of manual 
dexterity in cold conditions has important military and 
economic consequences (Weston, 1922; Fisher, 1957). 
There have been many studies in which the effects of 
exposing the whole man to cool or cold ambient conditions 
on the performance of particular sensory-motor tasks, involv- 
ing the hands, have been assessed (Williams & Kitching, 1942; 
Teichner & Wehrkamp, 1954; Russell, 1957; Newton, Meke- 
ton, Roote & Stargel, 1958; Teichner, 1958). Provins & Clarke 
(1960) have recently reviewed these studies in detail. In general 
there is a loss of efficiency in cold conditions, but it is difficult 
to determine the extent to which the effects are due to local 
cooling or to more general factors such as discomfort. 
Springbett (1951) compared the effects of general versus local 
cooling, using the Minnesota Manual Dexterity Test, and con- 
cluded that cooling the body-surface did not cause impairment 
of manual dexterity provided that the hands were kept warm, 
but that, if the hands were cooled, performance was impaired 
whether the rest of the body-surface was warmed or cooled. 
Gaydos (1958) has shown that exposing lightly-clad subjects 
to an ambient temperature of 45° F. (7.2° C.) so that weighted 
mean skin temperatures dropped to 78° F. (25.6° C.) had no 
effect on the performance of knot-tying and block-stringing 
tests provided that the hands were kept warm. If the hands 
were also exposed, finger skin temperature fell to 50-55° F. 
(10-12.8° C.) and a significant impairment of performance 
was observed. A positive correlation between loss of dexterity 
and finger skin temperature was also found by Gaydos & 
Dusek (1958). Studies such as these leave little doubt that the 
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primary cause of the loss of manual dexterity in cold conditions 
is due to the local cooling of the extremities themselves. 

At one time or another, everyone has experienced the impair- 
ment of manual dexterity which accompanies chilling of the 
hand and forearm, but the effect may be illustrated quantita- 
tively by the results of an experiment in which the speed of 
copy-typing was measured after immersing the hands and 
forearms for half an hour in water at different temperatures 
(Fox, unpublished). The same set task of copy-typing was used 
throughout. One experiment was performed at the same time 
each day, and the routine followed was always the same. The 
subject was first timed while typing the test piece to provide 
a control value. She then immersed both hands and forearms 
to above the elbow in water at a particular temperature for 
half an hour. The subject’s hands and forearms were then 
rapidly dried, grip strength was tested on a simple dynamo- 
meter, and the time for typing the test piece was again deter- 
mined; finally, the mid-palmar skin temperature of one hand 
was measured. The same series of tests was performed twice 
in 1957 and once about a year later; the results are shown in 
fig. 1. The first significant decrement in typing speed was found 
when the water temperature was lowered from 34° C. to 30° C. 
(P< 0.05), and the rate of loss of typing speed became greatest 
between 22° C. and 14° C. Between the two lowest tempera- 
tures the rate of loss of speed seemed to decrease. This pattern 
of impairment of manual dexterity is not simply explained by 
a loss of muscular power, because there was no significant 
reduction in grip strength until the water-bath was 18° C. 
(P<0.01). It is almost certainly the resultant of a number of 
concomitant and complex changes, but some understanding 
of the factors contributing to this over-all response is achieved 
by considering in turn the effects of cooling on each of the more 
important component tissues. 


1. Effects of Cooling on Blood Flow 


The rate of blood flow and the distribution of the blood 
vessels in the various parts of the body largely determine the 
degree of cooling and development of temperature gradients 
on exposure to cold. In the extremities the arteries are mainly 
deeply placed and protected from cooling, whereas the veins 
are superficial, an arrangement conducive to the maintenance 
of the temperature of the deeper tissues but with the develop- 
ment of steep temperature gradients through the tissues. 
However, the venae comitantes accompanying the arteries 
form a second venous drainage route which constitutes a 
counter-current heat-exchanger system tending to cool the 
inflowing arterial blood and warm the returning venous blood 
(Bazett, Love, Newton, Eisenberg, Day & Forster, 1948). 
These vessels therefore tend to conserve the loss of heat from 
the body as a whole at the expense of peripheral cooling and 
accentuate the temperature gradients along the length of the 
extremities. The apportioning of blood between these two 
venous drainage systems is not known, nor do we know 
whether it changes with local warming or cooling. 

In general, the application of cold to any part of the body- 
surface causes a local vasoconstriction, although some parts, 
such as the head, would appear to be less reactive than others 
(Froese & Burton, 1957). In the human forearm the rate of 
blood flow depends on the degree of cooling (Barcroft & 
Edholm, 1943; Barcroft & Edholm, 1946), and for a given 
degree of local chilling the flow is also influenced by the 
thermal state of the rest of the body (Spealman, 1945; Wynd- 
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FiG. 1. The Effect on Copy-Typing Speed of immers- 
ing Both Hands and Forearms for Half an Hour 
in Water at Temperatures Ranging from 
10° C. to 42° C. 
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Broken line: mean speed for pre-immersion control tests (208 + 
sec.). 


Also shown are the corresponding mean values for grip strength 
and hand temperature. (See text for further details of this 
experiment.) 


ham & Wilson-Dickson, 1951). Reflex changes in forearm 
blood flow that are produced by alterations of the thermal 
state of the individual are almost certainly confined to the 
cutaneous vessels (Barcroft, Bock, Hensel & Kitchin, 1955; 
Edholm, Fox & Macpherson, 1956; Roddie, Shepherd & 
Wheian, 1956). There is no good evidence for reflex vaso- 
constriction in forearm muscle in response to either local or 
general body-cooling, and the fall in blood flow with local 
cooling is probably a reflection of the lowered tissue metabol- 
ism (Abramson, Kahn, Tuck, Turman, Rejal & Fleischer, 
1958). The effect of local cooling on the size of the reactive 
hyperaemia following a period of arterial occlusion is of 
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interest because it sheds some light on the way in which the 
vascular bed responds to increased metabolic demands when 
it is cooled. A reduction in the reactive hyperaewia with 
cooling was reported by Lewis & Grant (1925). Recently, it 
has been shown that the reduction affects both the skin and 
the muscle components of the reactive hyperaemia (Coles & 
Cooper, 1959). In a study of the relationship between tissue 
temperature and local oxygen uptake in the human forearm, 
Abramson, Kahn, Rejal, Turman, Tuck & Fleischer (1958) 
compared the oxygen debt repayment during reactive hyper- 
aemia following a five-minute period of arterial occlusion in 
the forearm, with mean tissue temperatures of 39.3° C. and 
26.8° C. At the high tissue temperature the oxygen debt 
repayment fell far below the predicted value, while at the low 
tissue temperature both the measured and predicted values 
were approximately the same. The large discrepancy at the 
high tissue temperature may be explained by the largecutaneous 
blood flow at high skin temperatures that serves a thermore- 
gulatory rather than a local metabolic function, and therefore 
should not be expected to have an equivalent oxygen debt 
repayment. 

These studies on the reactive hyperaemia response show 
that the vascular bed in the cooled forearm is quite capable of 
responding to increased demands by increasing blood flow. 
It does not, of course, follow that the nutritive requirements of 
the tissues are adequately met, although this is perhaps 
suggested by the relatively short duration of the reactive 
hyperaemia in the cooled forearm (Abramson, Kahn, Rejal, 
Turman, Tuck & Fleischer, 1958). 

Another light on the problem of whether the cooled blood 
vessels can respond normally to increased tissue demands is 
afforded by studies on the effects of cooling on the hyperaemia 
following muscular exercise. It has been found that the size- 
of the post-exercise hyperaemia is directly proportional to the 
duration of a sustained contraction when the forearm is 
immersed in water at temperatures ranging from 2° C. up to 
26° C. (Clarke, Hellon & Lind, 1958). With water tempera- 
tures of 34° C. and 42° C., the hyperaemia following a given 
duration of sustained contraction was greater than at 26° C. 
and below. The alteration in the relationship between duration 
of contraction and the post-exercise hyperaemia at tempera- 
tures above 26° C. must indicate either a higher metabolism 
by the muscle or, as in the case of the reactive hyperaemia 
following arterial occlusion (Abramson, Kahn, Rejal, Turman, 
Tuck & Fleischer, 1958), a hyperaemia in excess of the meta- 
bolic needs. 

A vasodilatation in response to strong cooling of certain 
areas of the body-surface was first described by Lewis (1930). 
He noted that on removing the fingers from ice-cold water 
their temperature rose above the pre-immersion level. The 
same phenomenon was found in parts of the face, but the 
reaction was obtained in only two of ten experiments on the 
forearm. With a thermo-couple attached to the finger, the 
temperature of the skin was also followed during the period of 
immersion in the cold water, and the increase in temperature 
was found to begin after some minutes of immersion and then 
waxed and waned in intensity because of phasic alterations in 
vasodilatation and vasoconstriction. This characteristic 
feature of the cold vasodilatation phenomenon has become 
known as “‘ Lewis’s hunting reaction’”’. 

At about this time Grant (1930) was observing the arterio- 
venous anastomoses in the rabbit’s ear, and he, Lewis and 
Bland came to the conclusion that it was through these vessels, 
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known to be present in the nail bed and palmar surface of the 
fingers and hands (Clara, 1956) and which have since also been 
demonstrated in the human ear (Daniel & Prichard, 1956), 
that the blood flows during cold vasodilatation (Grant & 
Bland, 1931). 

Lewis (1930) also showed that the response can occur after 
degeneration of the sympathetic nerve fibres to the skin and 
after severance of the sensory nerves but, since it was not 
obtained when the sensory nerves had had time to degenerate, 
he thought it was dependent on a sensory nerve axon reflex. 
A cold vasodilatation can, however, be elicited from chronic- 
ally denervated fingers, albeit with greater difficulty (Green- 
field, Shepherd & Whelan, 1951), so that although an intact 
sensory axon reflex arc is helpful it is not essential for the 
response. 

It was also found that the cold vasodilatation was less 
pronounced if the subject was feeling generally cold (Lewis, 
1930), and this has been confirmed by Greenfield & Shepherd 
(1950), and by Keatinge (1957). It has been suggested that a 
failure of conduction by vasoconstrictor nerves might explain 
the phenomenon (Hertzman & Roth, 1942), but the tempera- 
ture inside the finger during the period of the cold vasodilata- 
tion rises to an average of 20-30° C. (Greenfield, Shepherd & 
Whelan, 1950), which is well above the temperature level for 
the restoration of nerve conduction. It also seems unlikely 
that the phenomenon can be explained simply on the basis of 
histamine release, since the administration of antihistamine 
drugs was not found to influence the response (Duff, Green- 
field, Shepherd, Thompson & Whelan, 1953). 

Keatinge (1958) has shown that isolated segments of ulnar 
arteries of bullocks cease to respond to adrenaline, histamine 
or pitressin when cooled below 10° C., and suggests that, 
although other factors may modify the response, much of the 
phenomenon may be due to the direct effect of temperature on 
the blood vessels. 

A cold vasodilatation in the human forearm, probably in 
the muscle bed, has been reported by Clarke, Hellon & Lind 
(1957). Perhaps because the forearm skin does not usually 
exhibit the cold vasodilatation response, a form of cold injury 
is sometimes provoked by immersion in water just above 
freezing (Edholm, Fox, Lewis & Macpherson, 1957). A survey 
of the skin areas in man from which the cold vasodilatation 
phenomenon can be readily elicited has been reported (Fox & 
Wyatt, 1960). A method for measuring the rate of heat flow 
from an area of skin 3.0 cm. in diameter while cooling it to 
just above 0° C. was devised, and 33 sites on two subjects were 
tested. The cold vasodilatation response was easily elicited 
from all areas tested on the head and neck except over the 
vertex of the skull, and was also demonstrated over the 
olecranon, patella, buttock, perianal region and from the palm 
and sole in the extremities. The distribution of skin areas 
yielding the response is consistent with the hypothesis that it 
is present in areas where additional heating by blood is 
required for protection from injury in cold conditions. 
Furthermore, if arteriovenous anastomoses are responsible 
for the cold vasodilatation phenomenon, the results must also 
indicate several new sites in man having this particular vascular 
structure. 

Returning to the original illustrations of the effects of 
immersing the arm in cold water on typing speed, the persistent 
effects of cold vasodilatation known as the “‘after dilatation’”’, 
by helping to warm the limbs more quickly, may explain 
the tendency for the rate of impairment of typing speed to fall 
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off when the bath temperature was lowered from 14° C. to 
10° C. (fig. 1). 


2. Effects of Cooling on Muscles, Joints and Tendons 


The duration to fatigue of rhythmic and sustained contrac- 
tions of the forearm muscles is increased by immersing the 
arm in cold water (Nukada, 1955; Nukada & Miiller, 1955). 
This finding, which at first sight seems unexpected and surpris- 
ing, has since been confirmed and amplified. Lind & Samueloff 
(1957) found that the duration of successive submaximal 
contractions sustained to fatigue were longer with the arm in 
water at 18° C. than at 34° C. when the interval between con- 
tractions was 20 minutes. They also showed that if the interval 
between successive contractions was reduced to 7 minutes the 
duration of successive contractions in water at 18° C. rapidly 
fell, indicating that the effect of a longer time to fatigue for 
sustained contractions at low temperatures is lost if the interval 
between contractions is too short. This was further studied by 
Lind (1959) who considered that the effect is due to the rise 
in muscle temperature induced by exercise. 

Clarke et al. (1958) found that the duration of a forearm 
contraction at one-third of maximum, sustained to fatigue, 
was longest when the water surrounding the forearm was 
18° C., corresponding to an average muscle temperature of 
27° C. after 30 minutes’ immersion. With higher or lower 
water-bath temperatures the duration decreased. Maximal 
muscle tension after 30 minutes’ immersion was unimpaired 
down to 18° C., but with lower water-bath temperatures it fell 
off rapidly (compare with fig. 1). With muscle temperatures 
from 35° C. to 27° C. integrated muscle action potentials were 
unchanged, but at 20° C. there was less activity at the end of 
the contraction period. The authors suggest that as muscle 
temperature is increased above 27° C. metabolism rises, 
causing a more rapid accumulation of metabolites and leading 
to an earlier onset of fatigue for a given amount of work. At 
muscle temperatures below 27° C. a proportion of the more 
superficial and cooler fibres do not contract, owing to inter- 
ference with nervous or neuromuscular transmission, and the 
remaining active muscular units therefore fatigue more 
rapidly. 

The efficiency of muscular work in the cooled forearm has 
also been studied by measuring the post-exercise hyperaemia 
and making the assumption that this is directly related to the 
energy conversion taking place in the muscle (Clarke & 
Hellon, 1959). With both sustained and slow rhythmic con- 
tractions of the forearm the post-exercise hyperaemia diminish- 
ed with cooling, but with fast rhythmic contractions the post- 
exercise hyperaemia was greatest in the cooled forearm. The 
authors suggest that there is an increase in viscosity in the 
forearm muscles on cooling, thereby raising the energy needed 
for rhythmic exercise. 

Increases in viscosity of the fluids and tissues of the joints 
and tendons are probably important factors in the loss of 
manual dexterity with cooling. Cold hands are popularly 
regarded as being less dextrous because they are “stiff” and 
indeed Hunter & Whillans (1951) haveshown that, with cooling, 
the force needed to start movement at the joint rises and the 
maximum speed at which it can be moved decreases. Hunter, 
Kerr & Whillans (1952) thought the effect on the joint to be 
the most important, because when they compared the speed 
of flexion in the index finger on cooling of the finger, hand and 
arm, with the speed of flexion on cooling the finger alone, they 
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LOCAL COOLING IN MAN RB. H. Fox 


found no difference. A reduction in finger dexterity can be 
demonstrated, however, when the forearm alone is cooled, if a 
dexterity test requiring a rapid tapping movement is employed 
(LeBlanc, 1956). 

It has been pointed out that, in general, the types of tissue 
that surround a joint are relatively avascular and provide little 
insulation (Hunter & Whillans, 1951), so it is interesting to 
find that in man the cold vasodilatation phenomenon occurs 
over both the patella and the olecranon. 

It is usually much easier to keep the forearm rather than the 
hand warm with clothing, and muscular effort, by increasing 
the forearm blood flow, helps to prevent forearm cooling. In 
practical situations, therefore, changes in the viscosity of the 
joints and tendons of the hand are probably much more 
important than any changes in muscular efficiency. In view 
of their apparent importance, we should know much more 
about the effects of cooling on tissue viscosity and its role in 
the loss of manual dexterity. 

Returning once more to our illustration of the effects of cold 
on typing speed, it seems reasonable to speculate that changes 
in viscosity may well have played a significant role in the 
impairment of typing speed with cooling at the higher tem- 
peratures, but with loss of muscular power having some effect 
at the lower temperatures (fig. 1). 


3. The Effect of Cooling on Nerves 


The mechanism of the perception of cold has recently 
received further study, and the spatial gradient theory of 
thermoreceptor stimulation has been found inadequate to 
explain cold receptor stimulation (Hensel & Zotterman, 1951). 
The receptor probably responds directly to the temperature 
level (Hensel & Witt, 1959). By their initiation of reflex effects 
the cold receptors play a much more important role than warm 
receptors in body-temperature regulation in man (Benzinger, 
1959). The magnitude of response to a given degree of cold 
stimulation varies in different parts of the body; the face is 
particularly sensitive, and sudden cooling of this region can 
cause inhibition of respiration, generalized vasoconstriction 
and even momentary cardiac arrest (Ebbecke, 1943). 

When cooling is really intensive, for example, when the hand 
is plunged into ice-cold water, the sensation of cold is replaced 
by pain. The pain rises to a maximum in about a minute and 
thereafter fluctuates in intensity but, as the hand cools, its 
character changes to a peculiarly unpleasant and nauseating 
deep-seated ache, combined with paraesthesiae, which alter in 
severity as periods of vasoconstriction alternate with periods 
of cold vasodilatation. During the initial minute of immersion, 
the blood pressure rises and this response has formed the basis 
of the cold pressor test (Hines & Brown, 1932). The rise in 
blood pressure is thought to be related to the intensity of the 
pain (Wolf & Hardy, 1941). If the hand is kept immersed in 
the water for periods of up to half an hour, the pressor response 
is often replaced by a depressor response, and indeed the 
subject may produce a typical faint, with a profound fall in 
blood pressure, pallor, sweating and loss of consciousness. 
The fibres responsible for cold pain are remarkably resistant 
to anoxia, for the cold pain is still experienced when the hand 
is immersed in cold water after 45 minutes of arterial occlusion, 
by which time touch sensation and pain from pin-prick have 
been lost (Wolf & Hardy, 1941). 

There do not seem to have been any studies of the effects of 
cooling on conduction in isolated human nerves. This is 
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unfortunate, because studies on animals indicate that there 
may be considerable differences in the temperature at which 
conduction ceases, not only between species but also in the 
same animal. Thus, Chatfield, Lyman & Irving (1953) made 
the interesting observation that the nerve from the metatarsus 
of the gull (Larus argentatus) conducted at a significantly lower 
temperature (2.8° C.) than that from the tibial portion of the 
leg (11.7° C.). The difference was reduced when the gull was 
removed from cold exposure, and a similar difference is not 
seen in the domestic hen. Likewise, the tail nerve of the rat 
has been found to continue conducting to a lower temperature 
than the tibial nerve (Chatfield & Lyman, 1954), and the tibial 
nerves of hibernators cease conducting at lower temperatures 
than those of similar butnon-hibernating mammals (Chatfield, 
Battista, Lyman & Garcia, 1948), In animals Lundberg (1948) 
found that conduction in A fibres of motor nerves ceased at 
7-15° C., whereas the splenic C fibres continued to conduct 
when cooled to 0° C. Douglas & Malcolm (1955) found that 
the sequence of blocking exerted by cooling was more or less 
dependent on conduction velocities, and that susceptibility 
was in the order: small medullated fibres, large medullated 
fibres and, finally, unmedullated fibres. 

In man, the problem has been studied by cooling the skin 
directly over nerve trunks. Using such a technique to cool the 
ulnar nerve at the elbow, Bickford (1939) noted that the 
sensations of light touch and cold were lost first, followed by 
motor power, vasoconstrictor fibre paralysis and finally 
impairment of both pain and gross pressure sensations. A 
similar sequence of sensory changes in nerve blocks induced 
by cooling was noted by Sinclair & Hinshaw (1951) who also 
pointed out that these changes differ from those of compression 
block or procaine block, in neither of which is the appreciation 
of cold the first modality to be affected. 

In an attempt to provide a simple and reasonably reliable 
measure of finger numbness, Mackworth (1952) devised a 
two-point tactile discrimination test called the V test. Two 
pieces of a ruler were bolted together so that they touched at 
one end and were permanently separated by a fixed gap at the 
other. With this device the point at which the subject was first 
aware of two separate edges touching his finger was deter- 
mined. Mackworth was able to show that as the skin tempera- 
ture fell numbness increased, and he was able to compare the 
numbing effects of different types of cold climates. Mills 
(1956), using the same test, concluded that the log log of the 
separation between the two edges was inversely proportional 
to skin temperature between 0° C. and 33° C. A somewhat 
different relationship between the V test threshold and skin 
temperature has recently been demonstrated (Morton & 
Provins, 1960; Provins & Morton, 1960) in a study in which 
only the subject’s finger was exposed to cold. In addition, in 
some experiments the thermal gradient through the finger was 
eliminated by arterial occlusion. Little impairment of two- 
edged discrimination was found after 15-20 minutes’ immersion 
of the finger at temperatures of 6° C. or higher, but at 4° C. 
there was marked impairment and at 2° C. all subjects experi- 
enced complete numbness of the test site. 

These two-point discrimination tests are, however, relatively 
crude and it is quite possible that interference with nervous 
conduction has some effect at considerably higher tempera- 
tures. Furthermore, we have no evidence of the effect of 
cooling on kinaesthesis. Even so, it seems unlikely that 
impairment of sensation played a major role in the loss of 
manual dexterity exhibited by the typist. 
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4. Local Acclimatization to Cold 


A whole paper could easily be devoted to considering the 
evidence for local acclimatization to cold in man, as there are 
many conflicting opinions. Those interested should certainly 
consult Burton & Edholm (1955) and Rodahl (1958). Recently, 
there have been studies on primitive people living in relatively 
isolated communities in cold climates, such as the Eskimo 
(Brown, 1957), Australian Aborigines (Scholander, Hammel, 
Hart, LeMessurier & Steen, 1958), Lapps (Andersen, 
Leyning, Nelms, Wilson, Fox & Bolstad, 1960) and 
Mongolians (Yoshimura & Iida, 1952). Although these 
studies have revealed certain differences between individ- 
uals who are habitually exposed to cold and those who 
are not, the differences seem to reflect a process of general 
adaptation rather than a local change in the exposed areas. 
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remove vasoconstrictor activity (Krog, Folkow, Fox & 
Andersen, 1960) further supports this conclusion. 

From the evidence so far available, it seems unlikely that 
purely local adaptations play any important part in the 
process of acclimatization to cold in man. 
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In the study of the effects of continued cold it is necessary to 
recognize at least three categories of thermal experience. The 
first includes modifications to the organism resulting from 
continued exposure to constant—or rarely fluctuating—tem- 
perature, temperature being the only variable. The second 
comprises acquired modifications induced by climate (season 
and latitude) as distinct from temperature-induced changes, 
the thermal factor being possibly subordinate to the multiple 
effects of many climatic factors and consequent interactions. 
The final category differs from the foregoing in that inherited 
differences over many generations may be involved. 

Owing to the distinctions in origin and nature of the altera- 
tions in the organism included in the three categories, I con- 
sider it important to recognize the distinctions in the termin- 
ology. The term “acclimation” will be retained to describe 
temperature-induced changes, to conform with its previous 
usage, although “conditioning’”’ may be more suitable, since 
this would avoid confusion with “‘acclimatization”. The 
term “acclimatization” as used in this paper will designate 
acquired changes induced by climate, and the term “‘adapta- 
tion” will designate racial or species differences in relation to 
climate. While it is recognized that the categories are not 


mutually exclusive, they form a convenient basis for organizing 


the data to be reviewed. 

Since the primary relationship of homoeotherms with their 
thermal environment is through the exchange of energy, 
it is pertinent to look first for the possible alterations in 
energetics resulting from chronic exposure to cold or cold 
climates. In fig. 1 are depicted alterations in temperature— 
metabolism curves found in homoeotherms that maintain 
normal body-temperature at the various temperatures within 
a certain functional range specified by TL,, where T is the 
body-temperature, and L, is a low temperature limit which 
can be lowered to L, by continued exposure to cold. 


* Issued as N.R.C. No. 5997. 
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FiG. 1. Metabolic Alterations Induced by 
Temperature or Climate 


METABOLISM 


TEMPERATURE 


Ts body-temperature 
La» 
ABC, A’B’C’: heat production curves obtained from resting animals 
DEF: 


low temperature limits 


heat production curve obtained from active animals 


The various sections of fig. 1 cover most of the changes in 
energetics observed when animals are exposed to cold con- 
ditions for extended periods. In fig. 1,1 and 1,3, extension of 
limits from L, to L, is brought about by increasing the ca- 
pacity to produce heat from C to D(D’) (metabolic adjust- 
ment), while in fig. 1,2 the extension is brought about by 
changing the slope of the curves and lowering the critical 
temperature from B to B’, thus increasing the thermoneutral 
range from AB to AB’ (insulative adjustment). Figure 1,4 
depicts a combined metabolic and insulative change. In fig. 
1,1 (curve ABC and A’B’C’) and fig. 1,2 the heat production 
below the critical temperature is shown to increase more or 
less proportionally to the temperature difference between T 
and the air, but in fig. 1,3 the increase is much less than pro- 
portional. 

This paper will describe modifications in various species 
according to the category of experience (acclimation, ac- 
climatization, adaptation), with particular reference to energe- 
tics and related phenomena. An attempt will also be made to 
describe to what extent the modifications in man resemble 
those in other animals. As most of the literature on this sub- 
ject has been reviewed by others, extensive use of these reviews 
will be made. The principal sources are Carlson (1954, 1960), 
Burton & Edholm (1955), Centre National de la Recherche 
Scientifique (1955), Hart (1957, 1958), Fry (1958), Carlson and 
Thursh (1959, unpublished), Culver (1959), and recent symposia 
in the Federation Proceedings (American Physiological Society, 
1958, 1960). 
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1. Temperature-Induced Effects: Cold Acclimation 
a. In Small Mammals and Birds 


Since the metabolic alterations in smal] mammals and birds 
resulting from acclimation to cold have been reviewed else- 
where (Hart, 1957, 1958), it will be sufficient here to present a 
summary, illustrated by fig. 1,1. The extension of low tem- 
perature limits from L, to L,, defined in terms of the peak 
metabolic rate!, results from the development of an increased 
capacity to elevate and sustain metabolism in the cold. 

In most species, conditioning to cold also results in the ele- 
vation of heat production from ABC to A’B’C’ (fig. 1,1). The 
elevation of thermoneutral or basal metabolic rate seen by 
many workers is one aspect of this phenomenon, which is ap- 
parently more pronounced in fasted animals, judging from 
the classical studies of Gelineo (1934, 1949, 1955). The raised 
heat production at a given temperature does not appreciably 
enhance survival in the cold but is a symptom of cold ac- 
climation which is associated with the increased metabolism 
of tissues measured in vitro (reviewed by Hart, 1958). 

These alterations are dependent for their expression on 
an increased caloric intake (Sealander, 1952; Cottle & Carlson, 
1954; Farrand, 1959) and they require about two to four weeks 
for full expression (Sellers, You & Thomas, 1951; Hart, 
1953b). 

The elevation of resting metabolic rate without change in 
critical temperature leads to a slight decrease in over-all body 
insulation. The reduction in insulation results from protection 
of the periphery by increased blood flow; this has been 
shown indirectly by higher skin-temperatures in ears of rabbits 
(Carlson, 1954) and in the skin of rats (Héroux, 1959b), by 
greater ear vascularity of rats (Héroux & St. Pierre, 1957), and 
by greater resistance of rabbits and rats to frost-bite (Blair & 
Dimitroff, 1952) after cold acclimation. After prolonged ex- 
posure to cold, cellular adaptation to non-freezing cold in- 
jury occurs (Héroux, 1959a). As reviewed earlier (Hart, 1957), 
there is little effective increase in fur insulation, indicating 
that the cold-acclimated animals draw exclusively on metabolic 
energy. This conclusion is limited to the small animals used 
primarily in acclimation studies, but there are indications that 
larger animals such as cattle may become acclimated to cold 
by increasing insulation (Johnson & Ragsdale, 1960). 

Conditioning to cold leads to increase in haemoglobin 
values, haematocrit values, or both, in deer mice (Sealander, 
1960) and in rats (Raievskaia, 1954; Deb & Hart, 1956; 
Hannon & Young, 1959), and to variable effects on haemo- 
globin in rabbits (Waugh, 1952; Sutherland, Trapani & Camp- 
bell, 1958). Blood volume and plasma volume of rats (Deb & 
Hart, 1956; Baker & Sellers, 1957) and hamsters (Farrand, 
1959) are increased by chronic exposure to cold. Altera- 
tions in other fluid compartments and in electrolytes have 
been described. Modifications in growth, organ weight 
(Héroux & Campbell, 1959) and body composition (Pagé, 
1957) induced by prolonged cold exposure are beyond the 
scope of this paper. 

There has been a large volume of work on endocrinological 
and metabolic aspects of cold acclimation in white rats that 
has already been reviewed (see symposium in Revue Cana- 
dienne de Biologie, 1957; Hart, 1958; conference on cold 
acclimation held in Buenos Aires, 1959 (American Physiolo- 
gical Society, 1960)). Perhaps the most important develop- 


fast response apparatus (Depocas, Hart & Héroux, 1957) because the peak rate 
can be maintained for only very short periods of time. 


ment has been the demonstration of the disappearance of 
shivering, and its replacement by non-shivering thermogenesis, 
which appears to be mediated through noradrenaline (Hsieh 
& Carlson, 1957) in the cold-acclimated rat. These effects 
can be demonstrated even in functionally-eviscerated cold- 
acclimated rats (Depocas, 1958, 1960); this indicates the 
importance of non-visceral tissues in non-shivering heat 
production. 


b. Activity and Non-Shivering Thermogenesis 

Non-shivering thermogenesis has only been shown to occur 
in rats but it is probably of wide occurrence in mammals. In 
mice (Hart, 1950), lemmings and rabbits (Hart & Héroux, 
1955), and voles (Jansky, 1959), the phenomenon has been 
implicated indirectly by the addition of cold thermoge- 
nesis and exercise thermogenesis imposed by running in a 
treadmill (fig. 1,1, curve DEF). Under these conditions the 
forced exercise greatly restricts or eliminates shivering. The 
persistent cold thermogenesis is therefore considered to arise 
from non-shivering processes (Hart, 1960). 

The development of non-shivering thermogenesis in rats 
acclimated to cold greatly extends the range for activity. This 
is because the activity eliminates shivering and reduces the 
insulation in warm-acclimated rats, leading to hypothermia. 
Activity does not eliminate non-shivering thermogenesis in 
cold-acclimated rats, with the results that the total heat pro- 
duction is sufficient to offset the fall in insulation, and body- 
temperature is maintained (Hart, 1960). The extension of the 
low temperature limit for activity in cold-acclimated deer mice 
(Hart, 1953c) is presumably associated with greater non- 
shivering thermogenesis. 


c. Comparison of Homoeotherms and Poikilotherms 


There has been great emphasis on mechanisms of acclima- 
tion in homoeotherms even though our knowledge of the 
limits for acclimation is fragmentary. A comparison of in- 
formation available on the extent or range of acclimation pos- 
sible for mammals and for fish illustrates some striking gaps 
in our knowledge for mammals as well as some possible dis- 
similarities between the two groups. 

Examples of the effect of temperature conditioning of a 
mammal, Peromyscus maniculatus (Hart, 1953a) and of a fish, 
Girella nigricans (Doudoroff, 1942), are shown in fig. 2. In 
both species, the log time to death (the resistance time) for 
any one acclimation temperature becomes progressively 
longer as the test temperature becomes higher, until a tem- 
perature is reached at which some of the individuals survive. 
Defining the temperature at which just half of the sample are 
ultimately killed as the “incipient lethal” (Fry, 1947), we can 
see that acclimation of the fish to temperatures lower than 
28° C. (i.e. 20° C., 12° C.) lowers substantially the incipient 
lethal (fig. 2, broken line). As regards mice, while cold ac- 
climation greatly extends the time to death, it seems that they 
ultimately die at about the same incipient lethal level (—S° C. 
for mice acclimated to 30° C., and above -10° C. for mice 
acclimated to 10° C.). 

In fish, upper and lower incipient lethals have been related 
to acclimation temperatures in many species, so that the total 
range of temperature tolerance for the species is accurately 
defined (Fry, 1947). Such a correlation cannot be drawn up 
for any warm-blooded animal. The fragmentary data for 
Peromyscus suggest that the lower lethal temperature is not 
appreciably altered. Nothing is known about the extent of 


P 
: 
4 
4 
3 
% 
ren 
| 
if 
= 
- 
| 
q 
tat. 
G 
AR 
5 
; 
t 
i 
ee 2 Analogous to summit metabolism of Giaja but more precisely measured with : 
3 
20 
av 
Brit. med. Bull. 196 


Tress Bn 


PHYSIOLOGICAL EFFECTS OF CONTINUED COLD J. S. Hart 


FiG. 2. Comparative Resistance of a Fish and a 
Mammal to Cold Water and Air Respectively 


GIRELLA 


PEROMYSCUS 


TEST TEMPERATURE (°C) 


INCIPIENT LETHAL 
10? 10% 10% 10° 
RESISTANCE TIME (MIN.) 
Temperatures of conditioning for Girella nigricans are 12° C., 20° C. 
and 28° C., and for Peromyscus maniculatus are 10° C., 20° C. and 


30° C. V symbol indicates that some of the individuals were not 
killed in the test. 


alteration of high lethal temperatures by temperature con- 
ditioning in any mammal. 

It must be borne in mind that cold acclimation in small 
mammals is achieved entirely at the cost of increasing meta- 
bolism; this sharply contrasts with cold conditioning in 
poikilotherms. Possibly the only way the homoeotherm can 
achieve lasting benefit is by structural modification—reducing 
heat loss by increased insulation. To this may be added be- 
haviour adjustments to insulation, which may be sufficiently 
important to permit reproduction at temperatures below 
freezing (Laurie, 1946; Barnett, 1956). 


d. In Man 


A number of studies have been carried out in which men 
lived for a variable period of time in a cold room. These ex- 
posures, however, are not comparable to those experienced by 
small animals in which the metabolic rate may be doubled for 
many months. In studies by Horvath, Freedman & Golden 
(1947), Iampietro, Bass & Buskirk (1957) and Bass (1960), 
where men were exposed for periods of up to two weeks, the 
cold-induced elevation of metabolism was of the order of 
25-30%. 

The metabolic response to cold also characteristically differs 
between man and other animals. While a mouse or a rat 
shows an immediate and sustained response when transferred 
to cold, the response of a man is very slow and irregular, with 
absence of a continuous elevation of metabolic rate in all- 
night tests (Scholander, Hammel, Hart, Le Messurier & Steen, 
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1958). The dog is intermediate in showing an elevated meta- 
bolic rate most of the time (Hammel, Wyndham & Hardy, 
1958), but with interrupted drops in metabolic rate to resting 
levels. Associated with these different responses and with 
body-size are the great species differences in speed with which 
thermal balance is attained. 

In spite of the dissimilarities in exposures and in responses 
between men and other animals, some comparable although 
limited metabolic alterations have been observed. Bass (1960) 
found uptake and release-of thyroid hormones, as well as 
tissue utilization, to be increased in the cold. Burton, Scott, 
McGlone & Bazett (1940), Newburgh & Spealman (1943) and 
Horvath et al. (1947) have recorded elevated basal metabolic 
rate following sojourn in the cold, after return to a neutral 
environment. 

Most observers have reported improved comfort following 
several days or weeks in the cold, This may be associated 
with the gradual rise in peripheral temperatures seen in some 
studies (Burton et al. 1940; Glaser, 1949). In measurements 
made at night on men wearing only shorts, and exposed at 
15.6° C. (60° F.) for 14 days, Kreider, Iampietro, Buskirk & 
Bass (1959) found a fall in rectal and a rise in skin tem- 
peratures when the first two and the last two days of exposure 
were compared. 

The pioneering work of Bazett, Sunderman, Doupe & 
Scott (1940) on the vascular system showed increase in blood 
volume in the heat and a fall in the cold (exposures 1-7 days). 
Initial cold exposure increased the colloid osmotic pressure 
and protein concentration of the blood during the period of 
diuresis. The changes in blood volume in man, like those ob- 
served in cattle (Dale, Burge & Brody, 1956), are the opposite 
to those seen in the rat and may be associated with heat ac- 
climation rather than cold acclimation. The changes imply a 
redistribution of blood during conditioning to cold, but none 
of the observations has been sufficiently extensive or pro- 
longed to permit generalization and certainty concerning 
man’s responses to continuous cold. 


2. Climatic Effects: Acclimatization 
a. In Small Mammals and Birds 

Studies on the effect of climate on homoeotherms other than 
man have all dealt with seasonal adjustments. Temperature 
and light appear to be the principal changing physical factors, 
but the influence of temperature may be obscured by the 
action of biotic factors. In some species, for example, green- 
finches and house-sparrows (Rautenberg, 1957), cold does not 
have the effect of increasing heat production of captive birds 
kept outdoors in large cages, for food consumption was not 
greater in the winter than in the summer. Heat production 


estimated from food consumption and excretion of caged birds. 


outdoors generally shows less dependence upon temperature 
than that determined in brief tests of oxygen consumption. 
The “‘fiat”’ type of curve (fig. 1,3) observed by Kendeigh (1949), 
Seibert (1949), Davis (1955) and West (1960) for small birds, 
which extrapolates to zero metabolism at 60° C. to 80° C., 
signifies increasing body insulation with fall in environmental 
temperature. 

Seasonal changes in resistance of small mammals and birds 
have been reviewed earlier (Hart, 1957). The increased cold 
resistance found in winter deer mice, house-sparrows and 
pheasants has also been found in white rats kept outdoors 
(Héroux, Depocas & Hart, 1959), but it was not observed in 
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tree-sparrows (West, 1960). The winter acclimatization in 
mice, rats and house-sparrows was associated with a greater 
capacity to produce heat and it therefore resembles laboratory 
conditioning to cold in this respect. 

The metabolic patterns of white rats kept outdoors in sum- 
mer and winter (Héroux et al. 1959; fig. 1,4) differed from that 
found for rats conditioned indoors (fig. 1,1) in that winter 
rats had a lower oxygen consumption and lower skin tem- 
peratures than summer rats at most temperatures (Héroux, 
1959b). The greater capabilities for heat production in the 
winter rats were observed only at the lowest test temperatures. 

The dichotomy of temperature-induced and seasonal 
changes illustrated by the white rat has been noted for other 
species (Hart, 1957). This applies particularly to the resting 
or basal metabolism which usually does not alter seasonally, 
but there are exceptions to this generalization. Further di- 
vergences between seasonal and temperature-induced changes 
in the white rat were seen in thyroid and adrenal function 
(Héroux & Schoenbaum, 1959; Héroux, 1960), although both 
“cold” groups had a comparable suppression of shivering. 

One of the principal effects of acclimatization to winter is 
reduction of heat loss in the cold. Lowering of the heat 
loss during the winter has been seen in rats (Héroux 
et al. 1959) and in the cardinal (Dawson & Tordoff, 1959), 
but the change is not marked in small animals and is absent 
in many species (Hart, 1957). Where the change does occur, 
it is associated in part with increased insulation of fur or 
feathers, lowered peripheral temperatures (in rats) and ability 
of tissues to function at lower temperatures, e.g., in the feet of 
herring gulls (Chatfield, Lyman & Irving, 1953). 


b. In Larger Mammals 

In mammals weighing 1 kg. or more the seasonal change in 
insulation of the fur is quite marked (Hart, 1956), and there 
is typically a lowering of the critical temperature in winter, as 
indicated in fig. 1,2 (Irving, Krog & Monson, 1955; Hart, 
1957). A similar seasonal change has been found in an aqua- 
tic mammal, the harbour seal (Hart & Irving, 1959), but here 
the physiological changes in skin circulation and in blubber 
replace the fur as an insulator. Modification by insulation has 
the obvious advantage that the lethal temperature limits of 
the organism can be lowered without increase in metabolism. 


c. In Man 


While there is no evidence, in seasonal studies on man, that 
cold climate per se increases food intake (LeBlanc, 1957; 
Welch, Buskirk & Iampietro, 1958), the Japanese workers 
Osiba (1957) and Yoshimura (1958) have observed increase in 
basal metabolic rate (BMR) during the winter. Since this is 
not a consistent finding, no generalizations can be made. 
Indeed, the climatic significance of changes in BMR is obs- 
cure, since acclimatization to winter does not usually elevate 
the resting metabolic rate, even in smal] animals which appear 
to be exposed to cold to a greater extent than is man. In an 
important seasonal study on central Australian Aborigines, 
Hammel, Elsner, Le Messurier, Andersen & Milan (1959) 
found no change in BMR or in reaction to cold. These 
authors interpret this as indicating continued cold exposure 
even during the summer. Tropical Aborigines were inter- 
= in reaction between natives of central Australia and 
whites. 

Seasonal changes in cardiovascular characteristics are well 
established. In studies by Bazett et al. (1940) and by Doupe, 
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Ferguson & Hildes (1957) the increased blood volume in the 
summer appears to be associated with acclimatization to heat 
rather than to cold. 

The studies of Mackworth (1955) with the two-point tactile 
discrimination test have provided evidence for seasonal 
changes that led him to suggest that there was greater blood 
flow to the hands during the winter. He also observed less 
numbness in people living outside during the winter than in 
indoor controls, when they were tested in a 4 miles-per-hour*® 
wind (see also Massey, 1959). 

Indeed, in field tests a considerable amount of evidence by 
Balke, Cremer, Kramer & Reichel (1944), Carlson, Burns, 
Holmes & Webb (1953), Elsner (1955), Rennie (1958), Scho- 
lander, Hammel, Andersen & Loyning (1958) and others has 
shown that an important adjustment of man acclimatizing to 
rigorous outside conditions, including lowered temperature, and 
training in physical fitness (see Adams & Heberling, 1958), is an 
increase in the temperature of his extremities. In addition, 
there is some evidence provided by LeBlanc (1956) and Davis 
(1960), but not supported by Elsner (1955), that the metabolic 
response to cold is reduced or delayed following acclimatiza- 
tion to. winter at Fort Churchill and Fort Knox respectively. 
Some of these observations support the views of Carlson et al. 
(1953) that the “‘core” tends to withdraw. A greater pro- 
portion of the peripheral tissues becomes colder, except for 
the hands and feet, which are kept warmer. With a larger 
“shell”, there is less call on metabolism if periodic re-warming 
is possible. 

One of the questions is whether the extremities can ac- 
climatize independently from systemic acclimatization (if the 
latter occurs at all) in man. Hildes (unpublished) has found 
greater heat flow in the hand in cold water, and reduced 
numbness following exposure of the uncovered hand to winter 
cold for three weeks, the gloved hand being used for com- 
parison. Glaser & Whittow (1957) observed a gradual lower- 
ing of the cold pressor response to repeated immersion of the 
hand in cold water over a period of days. The seasonal changes 
in cold pressor response to hand immersion in cold water 
(Pecora, 1948) and in the lower cold pressor response and 
higher hand temperatures of fishermen (LeBlanc, Hildes and 
Héroux, unpublished) may also be responses to local cold 
exposure. The finger numbness studies of Mackworth (1955) 
possibly fall into this category. 

In general, it seems that acclimatization in man, like that in 
animals, has shown two opposite tendencies: (i) protection 
of extremities by peripheral heating as described above and 
(ii) toleration of peripheral cooling in extremities as seen in 
Australian Aborigines and in Alaskan students of a religious 
order who wear only cotton robes in cold weather (Irving, 
1960). The dichotomy of seasonal and temperature-induced 
modifications seen in animals has not been observed in studies 
on man, as cold-room and outdoor studies have yielded similar 
results. 


» Climatic Adaptation 


Climatic adaptation has been investigated in animals only 
by Scholander and co-workers (Scholander, Hock, Walters & 
Irving, 1950; Scholander, Hock, Walters, Johnson & Irving, 
1950; Scholander, Walters, Hock & Irving, 1950), who de- 
monstrated the important role of insulation as the principal 
governing factor. No systematic study at the racial or sub- 
species level has ever been made, except for man, for whom it 
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is hoped that accumulating evidence will lead to the 
formulation of broad principles regarding adaptation to cold 
climates. 

While no adaptive element in BMR to climate was found 
for animals, interest has centred for a considerable period of 
time on the possible racial element in resting or basal meta- 
bolism of man. In Eskimos, an elevated BMR has been ob- 
served by Gottschalk & Riggs (1952), Rodahl (1952), Brown, 
Bird, Boag, Boag, Delahaye, Green, Hatcher & Page (1954) 
and others. In Eskimos, Brown et al. (1954) have also found 
greater blood flow to the hand, and Adams & Covino (1958) 
and Meehan (1955) have found higher skin temperatures in 
Eskimos than in white or negro subjects. It is clear from the 
work of Rodahl (1952) that for Eskimos nutritional factors 
in addition to racial differences are involved. 

The investigations of Scholander and co-workers on Lap- 
landers (Scholander, Andersen, Krog, Lorentzen & Steen, 
1957), on Norwegians (Scholander, Hammel, Andersen & 
Lgyning, 1958) and Australian Aborigines (Scholander, 
Hammel, Hart, Le Messurier & Steen, 1958), and of Hammel 
et al. (1959) on Australian Aborigines; also investigations by 
Hammel and co-workers on Indians of Tierra del Fuego 
(unpublished), by Irving and co-workers on North American 
Indians (unpublished) and by Hart and co-workers on Eski- 
mos (unpublished), have illustrated two principal reaction 
patterns of man to cold in all-night tests. The central Austral- 
ians were unique in showing absence of a metabolic response 
to mild cold, and toleration of peripheral cooling, confirming 
and extending the older observations of Hicks, Moore & 
Eldridge (1934) and Goldby, Hicks, O’Connor & Sinclair 
(1938). On the other hand, the Indians of North and South 
America as well as the Eskimos show an elevated resting or 
basal metabolic rate and skin temperatures of the append- 
ages that are as high or higher than those of the white man, 
especially on the feet. Meehan (1955) also observed a 
greater cold-induced rise in heat production in Eskimos. The 
negroes of Africa are similar to the white men in this respect, 
or have a smaller response to cold (Adams & Covino, 1958; 
Iampietro, Goldman, Buskirk & Bass, 1959), and have fewer 
digital re-warming cycles than white subjects (Rennie & Adams, 
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1957; Iampietro et al. 1959). The Kalahari bushmen (Wyndham 
& Morrison, 1958) are similar to whites in response to cold. 

Recent work by Bass, Iampietro & Buskirk (1959) has in- 
dicated that there are also racial differences in plasma and 
blood volumes: negroes had lower plasma and blood volumes, 
and haemoglobin concentration, than white subjects. 

We therefore have a spectrum of responses in man, varying 
from peripheral heating, through increased metabolism, to 
insulative cooling of tissues, as indicated also in animal in- 
vestigations. It is probable that some of these differences are 
inherited. 


4. Conclusions 


The acclimation of small animals to constant cold, which 
approximately doubles heat production, generally leads to 
development of increased cold resistance through an increased 
capacity to produce heat. The resulting metabolic alterations 
are the principal focus of studies on cold acclimation today. 
The process is calorigenically expensive and perhaps does not 
lead to a lasting improvement in tolerance to cold. 

A much greater economy of energy is seen in animals ac- 
climatizing to cold climates in which development of increased 
fur insulation and insulative cooling of peripheral tissues lead 
to heat conservation. These processes may be combined with 
the metabolic type of change seen in cold-conditioned animals. 

Metabolic alterations comparable with those in cold-con- 
ditioned animals have never been observed in man, but the 
extent and duration of exposure to cold have not been com- 
parable. Field studies have suggested reduction in “‘core” and 
greater heating of appendages, coupled with delayed meta- 
bolic response. 

In studies on man, the two opposing adjustments, peri- 
pheral heating (as seen in Eskimos, Indians, cold-acclimatized 
Caucasians) and toleration of greater peripheral*cooling (as 


' seen in Australian Aborigines and Alaskan students) are also 
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seen as natural climatic responses. The racial differences may 
be partly inherited, partly acquired. From the limited data 
it appears that the extent of protection of the whole body from 
cold has an important. bearing on the type of peripheral 
adjustment observed. 
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‘SPEEDIVAC’ 
VACUUM & FREEZE DRYING 
UNIT Mode! 30P/T 


SPECIFICATION 


Stainless steel drying chamber containing three shelves (approx. 
10 in. by 24 in.) providing a total shelf area of 43 ft.*. Shelves will 
accommodate approximately 750 flat bottom vials (25 mm. o/d). 
A hermetically sealed refrigerator compressor serves the water 
vapour condenser and a separate refrigerator compressor provides 
cooling for the shelves by direct expansion. A “‘Speedivac” 2SC150 
two stage rotary pump is incorporated in the pumping system and 
pressure in the drying chamber is measured by 7-1B thermal (Pirani) 
type vacuum gauge. 
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COMPLETE 
DRYING 
SERVICE 
FROM 
INITIAL 
FREEZING 
TO FINAL 
STOPPERING 
UNDER 
VACUUM 


The 30P1T is a compact mobile pilot ray 
plant for either research or small scale ru 
production. Itisashelffreeze drier with HE 
self-contained services and has been iy 
developed for drying or concentrating be 
duties which require controlled condi- 38 
tions throughout the initial freezing and He, 
subsequent drying cycle. 
This new unit provides the means for —=—3i¢ 
maximum exploitation of the freeze a 
drying process for biochemicals, anti- 
biotics, drugs, foodstuffs, etc. The shelves ea 
can be refrigerated or heated as required a 
and can accommodate powder, cake or ft 
liquid containers. pal 


Complete cycle from initial freezing to ie 
final stoppering can be carried out with- ite 
out breaking the vacuum in the chamber. ae 

Shelves cooled to —20°C by refrigeration pais 
or heated by thermostatically controlled 


heaters bonded beneath each shelf. 


Condenser refrigerated to -50°C by 
hermetically sealed compressor. 


Complete instrumentation for measur- 
ing condenser and product temperatures 
and vacuum pressure in the chamber. 
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Many recent studies on acclimation! to cold environments 
have involved small homoeotherms which exhibit a metabolic 
rather than an insulative type of acclimation. The inter- 
mediary metabolic aspects of the problem have been in- 
vestigated mainly with the white rat. Accordingly, emphasis 
in this paper will be given to this species, taken as a convenient 
model in which to detect temperature-induced alterations that 
eventually may be found significant to the animal subjected 
to natural climatic variations. 


1. Introduction 


In the white rat previously maintained in an environment 
at 30° C., exposure to temperatures between 30°C, and— 10°C, 
to —15° C. elicits a rapid increase in heat production which 
is adequate for immediate maintenance of central body- 
temperature. In the upper part of this range the animals 
survive, but in the lower part, between + 6° C. and —15° C., 
there occurs an eventual breakdown in the heat-production 
process which leads to hypothermia and death. At tem- 
peratures lower than -- 15° C., heat production of the warm- 
acclimated rat has reached a maximum, and thermal equi- 
librium is not obtained (Depocas, Hart & Héroux, 1957). 
Prolonged exposure of white rats to a cold environment, in 
which the animal survives, results in a greater metabolic rate 
measured at any temperature, an increased ability to maintain 
high rates of heat production in colder environments (Sellers, 
Reichman, Thomas & You, 1951) and greater maximal 
thermogenic capacity (Depocas, Hart & Héroux, 1957). Ob- 
servations on the energetics of other species exposed to cold 
as well as on extension of temperature limits by acclimation 
have been thoroughly reviewed by Hart (1957).? 

Acclimation to cold is a gradual process requiring 3-4 
weeks in mice at 10° C. (Hart, 1953) and approximately 2 
weeks in white rats at 6° C. (Héroux, cited by Hart, 1958), as 
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tested by survival in colder environments. Other techniques, 
such as the measurement of colonic cooling and re-warming 
rates, and of the loss of “righting ” reflexes in rats at simulated 
high altitude (39,000 feet), give results of 4-10 days (Fregly, 
1953). 

Understanding of the fundamental changes occurring 
during acclimation to cold is dependent on description of bio- 
chemical events associated with simple short-term exposure of 
animals to cold and with modifications to the intimate bio- 
chemical machinery that eventually lead to acclimation. The 
breadth of the problems of thermoregulation has been well 
brought out in the extensive review by Chatonnet (1959). 
The effects of cold will be discussed in two sections, firstly 
dealing with observations during the first or second day of 
exposure, and secondly dealing with the acclimated animal, 
that is, one exposed to continuous cold for 10 days or more, 


2. Exposure to Cold 


Shivering is apparently the only means of additional heat 
production in the rat acclimated at 30° C., since the fully 
curarized animal, under artificial respiration, shows little 
increase in oxygen consumption on exposure to cold (Cottle 
& Carlson, 1956). 

Increased heat output in the cold involves mobilization and 
oxidation of reserves, and in the first days of exposure this 
usually results in loss of body-weight (Dugal, Leblond & 
Thérien, 1945; Cottle & Carlson, 1954; Masoro, Asuncion, 
Brown & Rapport, 1957), since food consumption does not 
immediately increase to a level sufficient to satisfy the in- 
creased caloric requirements. This increase in food intake is 
gradual and requires 8-12 days in mice at 6-10° C. (Sealander, 
1952) and 7-14 days in white rats at 5° C. (Cottle & Carlson, 
1954). The rate of intestinal absorption of glucose is in- 
creased during short exposures to cold (Cordier & Piéry, 
1950). 


Carbohydrate Metabolism 


Since carbohydrate reserves are small, and fat reserves are 
relatively abundant, it is expected that the latter will parti- 
cipate more extensively as substrate for cold thermogenesis 
during exposures lasting more than a few hours. Kayser 
(1937) observed a fall in respiratory quotient (R.Q.) of animals 
exposed to moderate cold, and argued for a strict dependence 
of cold thermogenesis on fatty acid oxidation. A small de- 
crease in R.Q. of fasted rats on exposure to cold was also 
noted by Pagé & Chénier (1953), but no regular pattern of 
change was observed by Herrington (1940) in fasted mice, rats, 
and guinea-pigs, at temperatures between 10° C. and 35° C. 
Non-participation of carbohydrates as fuel for thermogenesis 
is difficult to accept in any circumstance since, even in the 
fasted animal exposed to cold, gluconeogenesis could be 
stimulated. Also, the decrease in concentration of liver gly- 
cogen during initial cold exposure with or without food is well 
documented (Ogle & Mills, 1933; de Minjer, 1952; Des- 
marais, 1953; de Wied, 1953; Sterling & Longwell, 1953; 
Masoro, Cohen & Panagos, 1954; Barnett, Coleman & Manly, 
1960). Increase in glucose-6-phosphatase in livers of rats after 
2 days in the cold has been reported recently by Hannon & 
Vaughan (1960b). 

The relative contribution of carbohydrate to the over-all 
metabolic activity in the cold has only recently been estimated. 
Clearance of [“C]glucose from plasma was increased when 
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anaesthetized, warm-acclimated rats increased their oxygen 
consumption at 6° C. (Depocas, 1959a). Also, intact warm- 
acclimated rats gave higher rates of turnover and oxidation of 
body glucose in an environment at 6° C. compared to one at 
30° C. (Depocas & Masironi, 1960). Moreover, this last study 
revealed that the rate of oxidation of glucose at 6° C. was in- 
creased in the same proportion as total CO, production, ac- 
counting for approximately 20% of the total CO, output in 
the two environments. Thus, greater contribution of non- 
carbohydrate reserves as fuel for cold thermogenesis, but not 
in a preferential manner, was observed. Similar studies with 
fasted animals should reveal whether or not the rate of gluco- 
neogenesis is also related to total heat output. 

Wertheimer, Bentor & Wurzel (1954) have reported that 
glycogen synthesis and glucose utilization of diaphragms and 
abdominal muscle, incubated in serum, were stimulated by 
exposure of rats for a few hours at 6° C., although no differ- 
ences in oxygen consumption could be detected. The differ- 
ences in diaphragm were abolished by thyroidectomy before 
cold exposure (Wertheimer & Bentor, 1953). 


Fat Metabolism 


Direct measurement of the rate of oxidation of fatty acids as 
altered by exposure to cold has not yet been feasible. Involve- 
ment of free fatty acids, a plasma lipid fraction found to be of 
major importance in fat transport and utilization (Dole, 
1956; Gordon & Cherkes, 1956), has been demonstrated by 
Masironi & Depocas (1960) who found that a markedly 
higher proportion of the “C infused as albumin-bound 
[1-"“C]palmitate appeared as respiratory “CO, in rats at 6° C. 
as compared to that in rats at 30° C. 

Fat accounted for 85-89% of the total caloric reserves lost 
by mice at —7° C., protein supplying most of the remainder 
(Hart & Héroux, 1956). However, calories lost from body 
reserves were estimated to comprise only 15-20% of the total 
heat production, most of the calories being derived from the 
high-carbohydrate diet available. 

Ketone bodies are not used as fuel for cold thermogenesis 
in fed rats at 8° C.,as measured by loading with sodium f-hydr- 
oxybutyrate (Nekhorocheff, 1949), but this problem should be 
re-examined with adequate tracer techniques. The enhance- 
ment of fasting ketosis in rats exposed to cold (Scott & Engel, 
1953) is in accord with the increased mobilization of lipids to 
the liver seen in this condition (Felts & Masoro, 1959). 

The relationship of lipogenesis to cold exposure has received 
much attention. Measurements of the absolute amount, or the 
proportion of dietary [U-“C]glucose oxidized to CO, or 
remaining as fatty acids in fed rats at 2-6° C., indicated no 
striking alteration due to cold exposure (Masoro, Asuncion, 
Brown & Rapport, 1957). Liver slices of rats acclimated to 
25° C., then exposed to 0-2° C. for one day, formed CO,, as 
did those from rats left at 25° C., from [1-™“C]acetate, but “C 
incorporation into lipids was markedly depressed. This de- 
pression was partially relieved by addition of glucose to the 
incubation medium (Masoro et al. 1954) but not by the ad- 
dition of pyruvate (Masoro, Panagos, Cohen & Rapport, 
1956). This lowering of lipogenesis in liver slices of rats fed 
ad libitum in the cold has been attributed to an unfavourable 
co-factor environment, that is, limited availability of reduced 
triphosphopyridine nucleotide (TPNH) required for reductive 
processes associated with fatty acid synthesis (Masoro, 1960). 
Exposure of rats for 3 hours to — 5° C. also led to decrease in 
labelling of phospholipids from [1-*C]acetate in liver slices, 


but no depression of incorporation of labelled substances was 
observed with [1-"C]glycerol, [2-"C]glycine or inorganic **P 
(Kline, McPherson, Pritchard & Rossiter, 1956). In-vitro 
incorporation of “C into fatty acids of epididymal fat was not 
affected by previous short-term cold exposure (Masoro, 
Porter & Patkin, 1960). The relative importance of these 
findings on isolated tissues is yet to be determined, since the 
intact animal in the cold synthesizes fats from dietary carbo- 
hydrate in a practically normal way. Possibly, the above 
observations on intact animals and isolated tissues refer to 
processes occurring at different stages of relative carbohydrate 
availability. A study of the effect of cold exposure on the 
feeding pattern of animals, in terms of rate of food consump- 
tion during successive diurnal periods, would be interesting 
in view of recent observations of the influence of rate of 
ingestion of diet on regulation of intermediary metabolism 
(Cohn & Joseph, 1960). 

The decrease in acetylation of p-aminobenzoic acid in rats 
exposed for 3 days at 1° C. (Campbell, Green & Socol, 1960) 
has been interpreted as resulting from competition for active 
acetate by heat-yielding processes, with increased channelling 
of active acetate into the tricarboxylic acid cycle. In this 
respect succinic dehydrogenase activity is already increased in 
liver of rats (Desmarais, 1954) after 2 days at +2° C. 


Protein Metabolism 
On rather tenuous evidence, metabolism of proteins was 


- found unaltered by cold exposure (Dontcheff & Schaeffer, 


1938); other observations indicate the contrary. On a constant 
food intake, rats excrete larger amounts of non-protein nitro- 
gen in the cold (Lathe & Peters, 1949; Ingle, Meeks & 
Humphrey, 1953) and excretion is further increased when the 
food consumption is doubled (Treichler & Mitchell, 1941; You, 
You & Sellers, 1950). This mobilization of protein could 
bring about increased cellular breakdown, and the increased 
pentosuria in the cold (Coover, Feinberg & Roe, 1950) has 
been interpreted as resulting from the concomitant degrada- 
tion of nucleotides. Complex changes in cellular protein and 
nucleic acids in liver cells of cold-exposed rats have also been 
observed after short periods of exposure (Gordon & Nurn- 
berger, 1955). 

Observations on amino-acid metabolism as a function of 
cold exposure are scarce. Phenylalanine disappears from the 
plasma and urine of rats exposed to 2° C. for 72 hours, and 
tyrosine, although still present in traces in the plasma, dis- 
appears from the 24-hour urine samples (Rangneker & 
Dugal, 1958). The addition of 1% glutamic acid to the diet 
does not prolong survival of rats at —15° C. (Dugal & 
Thérien, 1952). 


3. Acclimation to Cold 
a. Intact Animals 


The most striking observations relating to long-term 
exposure of rats to cold environments are the gradual dis- 
appearance of shivering as detected by electromyography 
(Sellers, Scott & Thomas, 1954; Hart, Héroux & Depocas, 
1956; Héroux, Hart & Depocas, 1956) and the appearance of 
non-shivering thermogenesis (Davis, Johnston, Bell & Cremer, 
1960). After acclimation to 6° C., the artificially-respirated 
curarized rat maintains thermal balance in an environment at 
6° C. (Cottle & Carlson, 1956; Depocas, 1958). Adrenal 
demedullation (Cottle & Carlson, 1956) and thyroidectomy 
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(Hsieh & Carlson, 1957a) lower the increase in oxygen con- 
sumption of the curarized cold-acclimated rat at 6° C., but do 
not abolish it as does previous injection of sympatholytic and 
ganglion-blocking agents (Hsieh, Carlson & Gray, 1957). 
The increased thermogenic capacity of the cold-acclimated 
rat, at least as manifested by its extended peak metabolic rate, 
is understandable in terms of addition of heat resulting from 
non-shivering thermogenesis to the heat of shivering which can 
still be elicited by exposure to temperatures lower than that of 
acclimation (Hart et al. 1956). 

Observation by Hsieh & Carlson (1957b) of the intense 
calorigenic action of noradrenaline in the cold-acclimated rat 
has stimulated renewed interest in the role of catecholamines 
as calorigenic hormones. The importance of noradrenaline in 
the cold-acclimated rat has been further emphasized by illus- 
tration of the relationship between calorigenic response and 
dose of noradrenaline administered and also time of exposure 
to cold (Depocas, 1960). Increase in concentration of adren- 
aline and noradrenaline in the adrenals of rats after 5 days at 
0° C. (Desmarais & Dugal, 1951), and the recently reported 
increase in urinary excretion of noradrenaline in cold-exposed 
rats (Cottle, 1960), are pertinent to the increased sensitivity of 
the cold-acclimated rat to catecholamines. 

Although the calorigenic effects of both adrenaline and 
noradrenaline are intensified in the cold-acclimated rat, 
acceptance of noradrenaline as the mediator of non-shivering 
thermogenesis rests on the observations that neither cold 
exposure nor noradrenaline induces marked hyperglycaemia 
(Mansour & Hewitt, 1954; Hsieh & Carlson, 1957b) or hyper- 
lactacidaemia (Hart & Héroux, 1954; Hsieh & Carlson, 
1957b). Moreover, noradrenaline is more effective than 
adrenaline in preventing the fall in oxygen consumption 
caused by hexamethonium in curarized cold-acclimated rats 
maintaining thermal balance in the cold (Hsieh et al. 1957). 

The tissues involved in non-shivering thermogenesis remain 
to be identified directly. Functional evisceration does not 
prevent the immediate rise in oxygen consumption seen in the 
anaesthetized cold-acclimated rat transferred from 30° C. to 
6° C., and curarization does not abolish this response immedi- 
ately once it is established (Depocas, 1958). Moreover, nor- 
adrenaline is as effective in increasing the oxygen consumption 
of the functionally-eviscerated cold-acclimated rat as that of 
the sham-operated animal (Depocas, 1960). Also Kawahata & 
Carlson (1959) could not detect increased heat output from 
liver in curarized cold-acclimated rats exposed to cold. These 
observations invalidate the presumed importance of the liver 
in thermoregulation of the cold-acclimated rat, and by 
inference point to striated muscle as the other large mass of 
tissue in which non-shivering thermogenesis could take 
place. 

The radical alterations in heat-production mechanisms 
observed in the cold-acclimated rat have not yet been related 
to the numerous other observations to be discussed in this 
section. Many problems of integration remain for the investi- 
gator directly interested in the problems of acclimation to cold. 


Body Reserves 


The body reserves of the cold-acclimated rat are usually 


smaller than those of warm-acclimated rats of the same age. 
Glycogen concentration is smaller in heart, liver, diaphragm 
and fat from perirenal and interscapular regions of the rat 
after 45 days at 1-3° C., but glycogen level in skeletal muscle 
is not changed (Baker & Sellers, 1953; Vaughan, Hannon & 


* 


Vaughan, 1958). Liver glycogen and lipid concentrations are 
normal in rats after 4-6 months at 0-2° C. (Felts & Masoro, 
1959). Total body-fat is much lower in cold-acclimated mice 
and rats whether the animals are on a high-carbohydrate or a 
high-fat diet (Pagé & Babineau, 1953; Young & Cook, 1955a). 
Lower growth-rate in the cold is due not only to lower fat 
storage but also to a major reduction in growth of the muscle 
mass (Héroux, 1958). It can be surmised that these changes 
are reflections of the inadequate initial food intake during the 
first few days of cold exposure, with consequent decrease in 
fat, glycogen, and protein contents which are not replenished 
later on. With continued exposure to cold, food intake still 
does not become adequate for maintenance of a normal 
growth-rate. 


Carbohydrate Metabolism 


Whether on a high-fat or a high-carbohydrate diet, cold- 
acclimated rats absorb glucose from the intestine at a much 
higher rate, but absorption from the peritoneum is not 
altered (Pagé & Babineau, 1954; Pagé, Babineau & Lachance, 
1955; Depocas, Macleod & Hart, 1957). Short cold exposures 
also enhance intestinal glucose absorption (Cordier & Piéry, 
1950), but the effect is relatively smaller. Measurements of . 
hexokinase activity in intestinal mucosa of cold-acclimated 
rats should yield interesting data. Cold-acclimated rats 
synthesize more liver glycogen at rates of glucose absorption 
comparable to those obtainable in warm-acclimated rats (Pagé 
et al. 1955). Also, maltose administration induces a greater 
increase in R.Q. in cold-acclimated rats (Pagé & Chénier, 
1953), but whether or not this results from greater oxidation 
of glucose or greater lipogenesis rates from glucose is not 
known. After fasting for 24 hours either in the warm or in 
the cold, cold-acclimated rats show a higher liver glycogen 
content (Pagé et al. 1955; Felts & Masoro, 1959). 

Masson (1941) first described the greater hypoglycaemic 
action of insulin in rats fasted 24 hours during exposure to 
—2° C. to +2° C. for 1, 6 or 9 days, the effect being greater 
at the longer exposures. Insulin hypersensitivity was also 
observed in rats after 48 hours at 4° C. (Engel, 1951), after 6 
and 9 days at 5° C. (Mansour & Hewitt, 1954) and after 45 
days at 1.5° C. (Baker & Sellers, 1953). The insulin and 
noradrenaline effects illustrate the increased metabolic sen- 
sitivity of the cold-acclimated rat, presumably in terms of 
substrate mobilization. 

A comparison of the biokinetics of glucose in non-fasted 
warm-acclimated and cold-acclimated rats at 6° C. revealed 
few differences related to acclimation temperature (Depocas 
& Masironi, 1960). The pool of body glucose, the rates 
of turnover and oxidation of glucose and the percentage 
respiratory CO, derived from glucose oxidation were similar 
in both groups. The glucose space, however, was larger in the 
cold-acclimated rats, thus indicating a greater volume of 
extracellular fluid relative to body-weight, as had been found 
earlier by “‘sodium space” measurements (Deb & Hart, 1956). 
When these values were measured in warm-acclimated and 
cold-acclimated rats at 30° C., the rates of turnover and 
oxidation of glucose and the percentage respiratory CO, 
derived from glucose oxidation were all larger in the cold- 
acclimated rat. The significance of this last set of observations 
is not clear, since no differences had been found between 
anaesthetized warm-acclimated and cold-acclimated rats at 
30° C. (Depocas, 1959b). The changes in glucose metabolism 
brought about by transfer of intact cold-acclimated rats to a 
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warm environment were the reverse of those brought about by 
transfer of warm-acclimated rats to cold. 

In an earlier study, in which warm-acclimated and cold- 
acclimated rats were given [U-“C]glucose at —5S° C., the 
cumulative respiratory “CO, pattern was related to acclima- 
tion temperature. Also, there was a greater incorporation of 
4C into non-fat fractions (Depocas, Macleod & Hart, 1957). 
These data were interpreted by Potter (1958) to indicate faster 
oxidation of glucose and increased protein synthesis in cold- 
acclimated rats. 


Fat Metabolism 


High-fat diets allow prolonged survival of rats in cold 
environments (Dugal et al. 1945; LeBlanc, 1957). That other 
factors besides fat level in the diet are involved in this effect 
is indicated by Sellers, You & Moffat (1954), who could not 
detect improvement in resistance to cold associated with fat 
content of the diet under their experimental conditions. 

Diets which normally induce fatty livers in rats at room 
temperature fail to do so in rats in the cold (Sellers & You, 
1952; Treadwell, Flick & Vahouny, 1957), and prolonged 
exposure to 1° C. cures fatty livers previously developed in the 
warm (Treadwell, Flick & Vahouny, 1958). Acclimation to 
cold prevents the ketosis normally observed in fasting rats at 
25-27° C. (Scott & Engel, 1953), and prevents the massive 
mobilization of lipids to the liver normally observed in warm- 
acclimated rats fasted in the cold (Felts & Masoro, 1959). 
These results can be interpreted on the basis of greater glyco- 
gen content of the liver of fasted cold-acclimated rats and 
greater ability to oxidize acetate and long-chain fatty acids to 
CO,, thus preventing accumulation of fats and excessive 
ketogenesis. 


Protein Metabolism 


Protein metabolism remains increased in the cold-acclimated 
animal. On a low-protein diet, total nitrogen excretion 
practically equals nitrogen intake in rats at 4° C. for 50 days, 
and the bulk of the nitrogen appears as urea (Young & Cook, 
1955b). The disappearance of passively administered antibody 
is more rapid in rabbits at ~15° C. than at +18° C., thus 
indicating faster protein turnover in the cold (Trapani & 
Campbell, 1959). 


b. Tissue Preparations 
The oxygen consumption of rats, measured at 30° C., 
increases during acclimation to cold (reviewed by Hart, 1957). 
This gradual increase in O, consumption can also be observed 
in various tissue slices of the rat (You & Sellers, 1951; Des- 
marais, 1953; Clark, Chinn, Ellis, Pawel & Criscuolo, 1954; 
Weiss, 1954; Hannon, 1958a) and in liver homogenates 
(Lachaze & Levy, 1955; Hannon, 1958b), but not in isolated 
liver mitochondria (Smith & Fairhurst, 1958). Certain authors 
(Hsieh & Carlson, 1957a, 1957b; Hannon, 1960) have inter- 
preted these changes as manifestations of the increased 
capacity of the cold-acclimated rat to produce heat by means 
other than shivering. However, cold-acclimated rats have a 
higher oxygen consumption at all temperatures (Depocas, 
Hart & Héroux, 1957), and non-shivering heat production is 
superimposed on the high resting oxygen consumption. Also, 
rats acclimated to cold by natural exposure to winter conditions 
seem to develop non-shivering thermogenesis without ele- 
vating their resting metabolism at 30° C. (Héroux, Depocas & 
Hart, 1959) or their in-vitro tissue oxygen consumption 
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(Héroux & Willmer, 1960). Thus the meaning of these 
observations on isolated tissues, apart from their relationship 
to thyroid activity, is yet to be fully understood. 

In liver slices of rats exposed to 0-2° C. for 4-5 months, the 
disappearance of carbohydrate during incubation, the rates of 
oxidation of [1-"“C]glucose and [6-'“C]glucose to “CO, and the 
ratio of “CO, obtained from the two labelled molecules were all 
similar to those obtained with liver slices from warm-acclimated 
rats (Masoro, Felts & Panagos, 1957). Possibly, the length of 
exposure to cold is a factor in these results, since total oxi- 
dative activity (Hannon, 1958a) and hexokinase activity 
(Hannon & Vaughan, 1960b) are increased after one month but 
not after 3 or 4 months at 5° C. However, the activities of many 
other enzymes, such as glucose-6-phosphatase and the com- 
plex phosphoglyceromutase-enolase-pyruvokinase, are still 
high (see Table I) after prolonged exposure to cold. The pro- 
gressive decrease in the in-vitro rate of anaerobic glycolysis in 
liver slices of rats maintained at 5° C. for 0-12 weeks (Hannon, 
1958a) remains unexplained. Homogenates from livers of 
cold-acclimated rats are more active in oxidizing citrate, 
isocitrate, «-ketoglutarate, succinate, fumarate, malate, 
glutamate and f-hydroxybutyrate, but not lactate (Hannon, 
1958b). In accord with these findings, the activities of succinic 
and malic dehydrogenase were increased in liver homogenates 
of cold-acclimated rats but lactic dehydrogenase was unchanged 
(Hannon, 1960). 

Acclimation of rats to cold environments leads to altera- 
tions in the fate of acetate carbon in liver. Oxidation of 
[1-*C]acetate to “CO, in rat liver slices was slightly greater 
after 10 days or 4-5 months at 0-2° C., but lipogenesis from 
acetate was much depressed. Addition of glucose to the incu- 
bating medium restored lipogenesis from acetate to normal 
values in liver slices of rats after a 10-day exposure, but not in 
those of rats exposed for much longer periods (Masoro et al. 
1954; Masoro, Felts & Panagos, 1957). Incorporation of 1“C 
from [1-"*C]acetate into phospholipid was also decreased in 
liver slices of rats after 12 days at 4—-5° C., but no change in 
labelling of phospholipids was observed when slices were 
incubated with [1-"*C]glycerol, [2-"C)glycine or inorganic **P 
(Kline et al. 1956). Oxidation of octanoate in homogenates of 
livers of rats after 14 days at 5° C. was slightly reduced 
(Lachaze & Levy, 1955) and that of [1-'“C]palmitate to CO, 
was normal in liver slices of rats exposed for 4-6 months at 
0-2° C. (Felts & Masoro, 1959). The lowered hepatic lipo- 
genic activity in the cold-acclimated rat has been discussed in 
terms of increased coenzyme A content (Campbell, Green, 
Schénbaum & Socol, 1960); this could inhibit fatty acid 
synthesis from acetate while promoting acetate oxidation 
(Brady, Mamoon & Stadtman, 1956). 

Changes in activity of various enzymes in tissues of rats 
exposed to cold environments have been assembled in Table I. 
No definite pattern has yet emerged from these studies. There 
appears to be a relationship between length of time in the cold 
and changes in enzymic activity, as manifested by liver gluco- 
kinase which apparently reaches a maximum after one month, 
while glucose-6-phosphate dehydrogenase and 6-phospho- 
gluconic dehydrogenase reach a minimum, and glucose-6- 
phosphatase and succinic dehydrogenase are already increased 
after an exposure of two days, then remaining at a high level 
of activity. These results provide evidence for the slow 
elaboration of the “‘revised enzyme pattern”’ of the acclimated 
rat (Potter, 1958), but more information will be required for an 
adequate interpretation of such observations in terms of 
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e TABLE |. Effect of Cold Exposure on Activity of Various Enzymes in Tissues of White Rats and Mice 
P Exposure Percentage change in enzyme 
Enzyme In liver in muscle 

Days 
© i | % Reference % Reference 
| 
White rats 
Glucokinase . 2 4 a 

’ 21-28 5 +29 b +47 b 
y 30 4 + a 
it 120 4 0 a 
4 | Glucose-6-phosphatase 2 4 a 

| 21-28 5 +21 b 
i 30 4 + a 
)- 120 4 + a 
n 
Phosphorylase 
? Total (active and inactive) . 21-28 5 0 b 0 b 
f Ratio (active: total) : : 0 b 
| 
Glucose-6-phosphate dehydrogenase ‘ 21-28 5 —53 b -—19 b 
45-60 2 0 c 
c 6-Phosphogluconic dehydrogenase . 21-28 5 —2 b —18 b 
45-60 2 0 
Phosphoglucomutase 21-28 5 0 b 0 b 

q 
Complex . 2 4 0 a 
of 21-28 5 +58 b 
30 4 a 
n 120 4 a 
Lactic dehydrogenase. : 21-28 5 0 d 0 d 
n Succinic dehydrogenase complex. 21-28 5 +18 d +46 d 
Succinic dehydrogenase . ‘ 2 2 +29 m 
n id 2 2 +40 f 0 f 
" a 4 2 +35 f 0 f 

% 6 2 +55 f 0 f 
, @ 8 2 +40 f 0 f 
if i 21-28 5 +22 d +31 d 

27-70 1.5 +51 g ; 
Malic dehydrogenase 2 4 0 a 
5 +19 d +28 d 
+ a 
DPNH-cytochrome C reductase . . . . 21-28 5 0 d 0 d 

n TPNH-cytochrome C reductase. 45-60 2 0 
Cytochrome oxidase . . . . 21-28 5 +18 d +32 d 
4 Adenosine triphosphatase 30 5 0 h 

| } 45-60 2 0 c 
“Fatty acid oxidase”. 5 k 
Mice 
| Histidine decarboxylase . 4 6 hours 2 +573 It 
v : * In kidney tissue ¢ In skin + signs indicate increase in activity where the percentage change has not yet been published 
d References: a. Hannon & Vaughan (1960b); b. Hannon & Vaughan oo c. Smith & Fairhurst (1958); d. Hannon (1960); e. Clark, Chinn, 
n Ellis, Pawel & Criscuolo (1 raf f. Desmarais (1954); g. You & Sellers (1951); h. Hannon (1959); j. Nakajyo, Nagaoka, Sano & Kuwahara 
f k (1955); k. Lachaze & Levy (1955); I. Schayer (1960); m. Desmarais (1955) 
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survival of animals at their acclimation temperature and of 
the associated increase in thermogenic capabilities. Enzyme 
activity is but one of the many variables affecting flow of 
substrates through different metabolic pathways, and ad- 
ditional data on rates of substrate utilization in intact animals 
exposed and acclimated to cold are obviously needed. 

In animals continuously living in a cold environment, 
maintenance involves requirements for processes associated 
with synthetic reactions and with the catabolic reactions 
associated with higher heat production. Presumably, the 
requirements for energy expenditure associated with biosyn- 
thetic processes are not too different in warm and in cold 
environments. Thus, the efficiency of trapping of chemical 
energy could be expected to be lower in the cold-acclimated rat. 
This could be reflected in a diminished efficiency of coupling 
of phosphorylations to oxidations in mitochondria of cold- 
acclimated rats. Reductions in P:O ratios in liver mito- 
chondria of cold-acclimated rats (Panagos, Beyer & Masoro, 
1958; Smith & Fairhurst, 1958) and also in liver homogenates 
where adenosine triphosphatase activity was slightly lower 
(Hannon, 1959) have been reported. The effect disappeared 
in liver mitochondria from thyroidectomized cold-acclimated 
rats which could still maintain themselves for weeks in the 
same cold environment (Lianides & Beyer, 1959). Another 
possibility for reduced efficiency of coupling involves the 
calorigenic shunt suggested by Potter (1958). In this scheme, 
increased transhydrogenase activity would result in greater 
electron transport from substrate through diphosphopyridine 
nucleotide (DPN), then through TPN and on to oxygen, with 
a resultant lowered efficiency of phosphorylation associated 
with oxidation of TPNH through the cytochrome system. 
However, Smith & Fairhurst (1958) found little change in 
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specific activities of hepatic transhydrogenase and TPNH- 
cytochrome C reductase. 

From thermodynamic considerations, lowered efficiency of 
coupling of phosphorylations to oxidations as a means of 
additional heat production, although of some possible value in 
transient states, can hardly be considered to play a direct role 
in the economy of an animal in steady state in a cold environ- 
ment. However, the lowered P:O ratios could result in 
maintenance of a higher cellular level of adenosine diphos- 
phate, and this has been considered as one of the driving 
mechanisms for maintenance of higher rates of oxygen con- 
sumption (Slater & Hiilsmann, 1959). 


4. Conclusions 


Maintenance of homoeothermy in animals exposed to cold 
is a special case in the general problem of regulation of cell 
metabolism. Thermoregulation either in the warm-acclimated 
or in the cold-acclimated rat can be a useful tool for the study 
of regulatory processes associated with increased energy 
release. However, understanding of the intimate mechanisms 
involved is dependent on advances in identification of the key 
factors limiting metabolism in various tissues. 

The striking shift from shivering to non-shivering thermo- 
genesis in the cold-acclimated rat, and the importance of 
noradrenaline as mediator of the effect, are the most interest- 
ing facts recently acquired in the study of acclimation. Further 
advances await elucidation of the mechanisms involved in the 
suppression of shivering, direct identification of the tissues 
involved in non-shivering thermogenesis, and elucidation of 
the mechanism of action of thermogenic hormones at the 
mitochondrial level. 
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Induced hypothermia owes its development as a technique 
primarily to its clinical application in the field of cardiac 
surgery. In spite of the development of modern methods of 
extra-corporeal circulation in cardiac surgery, induced hypo- 
thermia still has and will continue to have a place for certain 
conditions, used by itself alone. In addition it is at present 
being widely used together with extra-corporeal circulation in 
conditions where cardiac arrest is required for more than ten 
minutes, in order to perform the necessary intracardiac 
surgery. 

At the same time as this clinical application was being 
developed, interest was stimulated in the physiological 
behaviour of the organism under these conditions, and a great 
volume of valuable information has been obtained (Dripps, 
1956). 

The purpose of this paper is to discuss the methods com- 
monly used to induce hypothermia under anaesthesia, for 
clinical use or for physiological study. The methods described 
apply to mammals: of these, man, the dog, the rabbit, and 
the monkey have been most extensively investigated. Our 
purpose is to discuss one method, namely surface cooling, in 
detail, which by long experience in many centres is known to 
provide a satisfactory technique for cooling the organism 
from normal temperatures down to about 18° C. (Churchill- 
Davidson, McMillan, Melrose & Lynn, 1953), and to include 
in this the clinical range 37-28° C. This description should 
enable hypothermia to be successfully induced and its major 
hazards avoided. Other methods will also be discussed in 
relation to surface cooling, and their advantages and dis- 
advantages reviewed. 

Elsewhere in this number of the Bulletin are papers relating 
to more specialized uses of hypothermia in conjunction with 
extra-corporeal circulation and it is not our purpose to do 
more here than mention them in their proper perspective. 
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1. Surface Cooling 


The surface cooling technique utilizes the skin and sub- 
cutaneous tissues as a natural heat exchanger. For efficient 
heat exchange it is necessary to maintain the peripheral 
circulation in the presence of an adequate temperature 
gradient between the blood and skin surface. Hence it is 
essential to obtund the natural defence reactions of the body 
to cold in order to promote peripheral heat exchange and to 
prevent the increased metabolism and heat production due 
to the muscular contractions of shivering. The two prime 
essentials necessary for the induction of hypothermia by 
surface cooling are (i) adequate peripheral vasodilatation; 
(ii) complete abolition of shivering (Dundee & King, 1959). 

The efficiency of this surface heat exchange will vary from 
subject to subject, depending on the extent of the superficial 
heat insulation by fat and hair. The amount of heat required 
to be removed from the body in order to lower body- 
temperature will depend on the metabolic rate. Pre-medication 
and anaesthesia will facilitate the induction of hypothermia 
by reducing the metabolic rate. 


a. Surface Cooling Methods 


The cold environment required for the induction of hypo- 
thermia by surface cooling may be achieved by the following 
methods: 


i. immersion in cold water (Boerema, Wildschut, Schmidt 
& Broekhuysen, 1951; Swan, Zeavin, Holmes & 
Montgomery, 1953; Bigelow, Mustard & Evans, 1954; 
Virtue, 1955; Botterell, Lougheed, Scott & Vandewater, 
1956; Lucas, 1956; Boeré, Derlogan & Kiers, 1957; 
Sellick, 1957; Clutton-Brock, 1959); 

ii. cold-water spray (Pask, 1958); 

iii. water evaporation (Thornton, 1957); 

iv. application of ice packs (Gray, 1955; Burrows, Dundee, 
Francis, Lipton & Sedzimir, 1956); 

v. refrigerated blankets (Fay, 1940; Inglis, Biffen & 
d’Abreu, 1954; Scurr, 1954; Julian, Dye, Grove, 
Sadove & Coelho, 1956; Lewis, Ring & Alden, 1956; 
Fairley, Waddell & Bigelow, 1957); 

vi. air cooling (Bailey, Cookson, Downing & Neptune, 
1954; Lundberg & Nielsen, 1955; Forrester, 1958). 

Immersion of the body in iced water is the most rapid of the 
surface cooling techniques, since the largest area of body 
surface is in direct contact with the cold environment. With 
correct management the risk of frost-bite is negligible. The 
equipment required is simple and easily obtainable. See 
Plate I, A. 

b. Monitoring 
It is imperative to record the following: 


i. Body-temperature. The mid-oesophageal temperature 
is the most reliable indication of the heart and brain 
temperature (Severinghaus, 1956; Cooper & Kenyon, 
1957; Cooper, 1959). It is useful to measure the 


temperature in more than one site in order to assess the . 


temperature gradients which exist in the body during 
cooling and re-warming. Rectal temperature measure- 
ments are frequently unreliable and misleading (Lucas, 
1956; Cooper & Kenyon, 1957; Hellings, 1958). 
Measurement of the temperature in the posterior naso- 
pharynx will correspond with the temperature in the 
base of the brain (Lucas, 1958); ; 
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ii. The electrocardiograph; 

iii. Arterial blood pressure. In man the measurement of 
blood pressure by the auscultatory method is unreliable, 
since the sounds frequently become inaudible during 
cooling (Swan, Virtue, Blount & Kircher, 1955). We 
find that the oscillotonometer gives a reliable indication 
of the blood pressure during surface cooling in man; 

iv. Pulse rate. 


The surface cooling technique can be performed successfully 
with the above-mentioned simple recordings. Biochemical 
estimations (e.g., pH measurement) are desirable, and 
particularly when first using the technique. 


c. Precautions 

i. Ventricular fibrillation. The principal acute danger 
during hypothermia is the onset of ventricular fibrillation. 
Facilities for immediate thoracotomy, cardiac massage, and 
efficient electric defibrillation must be available from the start 
of cooling. Although ventricular fibrillation can occur at any 
temperature, its incidence is reduced by limiting the hypo- 
thermia to 30° C. Myocardial irritability is increased in 
acidosis both at normal temperatures (Johnstone, 1950) and 
during hypothermia (Osborn, 1953; Swan, Zeavin, Blount & 
Virtue, 1953; Fleming, 1954). It is most important to prevent 
the occurrence of respiratory acidosis during hypothermia by 
pulmonary hyperventilation (Lynn, Méelrose, Churchill- 
Davidson & McMillan, 1954; Boeré, 1957; Lucas, 1958). In 
practice there is little risk of producing gross respiratory 
alkalosis (Severinghaus, Stupfel & Bradley, 1957), and this is 
especially true when hypothermia is used for thoracic surgery. 
Although the hypothermic heart is more sensitive to a rise 
of serum potassium than is the normothermic heart (Elliott & 
Crismon, 1947), hyperkalaemia does not occur during hypo- 
thermia in the absence of respiratory acidosis. In hypo- 
thermic mammals, including man, there is a marked fall in 
plasma potassium levels, which is not due to the development 
of a respiratory alkalosis. This plasma electrolyte response of 
hypothermia is attributable to adrenocortical hyperactivity 
(Munday, Blane, Chin & Machell, 1958). Mechanical irrita- 
tion of the cold heart, and myocardial anoxia (e.g., due to 
poor coronary circulation or deep anaesthesia) are potent 
causes of ventricular fibrillation. Bradycardia is a normal 
response of the heart to cold. Tachycardia during hypothermia 
is dangerous and predisposes to ventricular fibrillation owing to 
the decreases in coronary blood flow, myocardial contractility 
and cardiac output which result (McMillan, Case, Stainsby & 
Welch, 1957). 

ii. Skin necrosis. During immersion hypothermia it is 
unnecessary and undesirable for ice to be in contact with the 
skin, because of the danger of cold injury. The temperature 
of the cold water surrounding the subject is usually 6-10° C. 
Providing that peripheral vasodilatation is maintained and 
suspension of the hands and feet outside the iced water is 
practised, cold injury is unlikely. Clutton-Brock (1959) 
obtains acceptable cooling rates by using water at a tem- 
perature of 10-20° C. and finds that the vasodilatation pro- 
duced by nitrous oxide, oxygen and tubocurarine is sufficient 
with this coolant. With the ice-pack method of surface 
cooling there is closer contact between the skin and ice. It is 
dangerous to use salt water in preparing ice for use with this 
technique, since the temperature of the ice may then be less 
than 0° C. and skin necrosis readily occurs (Dundee & King, 
1959). 
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Subcutaneous fat necrosis has been described as a complica- 
tion of surface cooling in infants (Hochsinger, 1902; Collins, 
Stahlman & Scott, 1953). This may be correlated with the 
higher iodine content and melting point of infant fat compared 
with adult fat (Horvath & Spurr, 1956). The fat of hibernating 
animals is of very low melting point, remaining fluid at low 
body-temperatures. 

The cold skin is highly susceptible to damage produced by 
pressure or heat. During hypothermia the skin overlying 
pressure points should be padded to relieve pressure. During 
re-warming, the temperature adjacent to the skin should not 
exceed 40° C. in order to prevent burning. 


2. Anaesthesia 


The essential principle is the triad of light general anaes- 

thesia, muscular relaxation and peripheral vasodilatation. 
During hypothermia minimal amounts of anaesthetic drugs 
are required (Lucas, 1956; Sellick, 1957). Although some 
believe that short-acting agents are best (Lucas, 1958), the 
choice of anaesthetic agents is not critical providing that the 
dosage is small and that the drugs used do not produce 
undesirable side-effects (e.g., hypotension, tachycardia or 
cardiac irritability). Light ether anaesthesia combined with 
D-tubocurarine forms the basis of an anaesthetic technique 
used successfully in many cases (Virtue, 1955; Boeré et al. 
1957; Sellick, 1957). The most widely used agents at the 
present time are thiopentone for induction, followed by 
nitrous oxide and oxygen with p-tubocurarine for muscular 
relaxation. Chlorpromazine, because of its powerful vaso- 
dilatating action, its ability to suppress shivering, and its 
central sedative effects, has been used in pre-medication to 
enhance the effects of the anaesthetic agents (Dundee, 
Mesham & Scott, 1954). It is the most effective drug in 
assisting the induction of hypothermia. The effects of chlor- 
promazine on the peripheral circulation and in preventing 
shivering may be useful properties during re-warming 
(Fairley, 1957). The action of the chlorpromazine being long 
lasting, it is probably better given in pre-medication rather 
than as a supplement during anaesthesia. Its effects will then 
be maximal during the induction of hypothermia, but will 
persist into the re-warming phase. The undesirable features 
of the action of chlorpromazine are the hypotension and 
tachycardia which sometimes occur, especially with high 
dosage. In man, a dosage of 50 mg. need never be exceeded 
in large adults, with proportionally smaller dosage in small 
individuals. Thornton (1957) has advocated the use of a test 
dose of 25 mg. some days before hypothermia in order to 
assess the effects of the drug. We continue to use chlor- 
promazine in pre-medication of our patients for cardiac 
surgery under hypothermia and we confirm its useful 
properties. 

Recently light halothane anaesthesia has been employed in 
association with hypothermia (Campkin & Inglis, 1958; 
Vandewater, Lougheed, Scott & Botterell, 1958; Conn, Allan 
& Junkin, 1959). Halothane produces marked peripheral 
vasodilatation. 

The most important feature of the anaesthetic technique 
should be the uninterrupted, regular pulmonary hyperventila- 
tion in a subject with relaxed musculature. Pulmonary atelect- 
asis must not be allowed to occur. A good mechanical ventilator 
is a great aid in maintaining regular lung ventilation during 
hypothermia and re-warming. 
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3. Management of Immersion Hypothermia 


Detailed descriptions of the management of immersion 
hypothermia have been published (Virtue, 1955; Burrows et 
al. 1956; Boeré et al. 1957; Sellick, 1957). The most important 
features of the technique are: 


i. exposure of the vasodilated body-surface to gradually 
increasing cold; 

ii. suspension of the head and extremities above the water 

level; 

prevention of shivering, pilo-erection and active move- 

ment. Even slight movements may halt the fall of body- 

temperature. Stronger movements will produce a rise 
of temperature and an increase in oxygen requirements 
that may rapidly lead to anoxia; 

iv. agitation of the water to prevent the formation of a 
warmer layer next to the skin; 

v. pooling of blood is discouraged by frequent massage of 
the superficial tissues and changes of posture; 

vi. allowance must be made for the fall in body-temperature 
which occurs after the subject is removed from the cold 
water. This “after-drop” in temperature is more 
marked in the obese than in the lean. Although some 
consider that the after-drop in temperature is a hazard, 
the degree of after-drop can be estimated sufficiently 
accurately when the age and physical proportions of the 
subject are taken into consideration (Gray, 1955). 
With human patients it is our practice to lift the patient 
out of the cold water when the oesophageal temperature 
reaches 32-33° C., depending on body-size and obesity. 
During thoracic surgery a further fall of body-tem- 
perature will occur when the chest is opened at low 
ambient temperatures and during circulatory occlusion. 
Should rapid blood transfusion be necessary, further 
falls of body-temperature will occur unless the blood is 
warmed before use; 

vii. although we have not seen ventricular fibrillation during 
the cooling period in the bath, it is a wise precaution to 
have the facilities available for the prompt treatment of 
ventricular fibrillation should this occur; 

. the subject should be lifted out of the bath promptly 
when the oesophageal temperature has fallen to the 
required level. The body-temperature is usually falling 
rapidly at this time, and any delay will result in too low 
a final temperature; 

ix. efficient facilities for applying controlled warmth to the 
subject after the cooling period must be available. The 
use of plastic water blankets (Sellick, 1957) provides the 
means of applying warmth to the body-surface when 
required, or encouraging further cooling if the tem- 
perature fall slows too early. 


iii. 


4. Re-warming 


The main disadvantage of surface methods of hypothermia — 


is that, should immediate re-warming be necessary owing to 
the precipitation of cardiac arrest due to cold, surface methods 
of re-warming are least effective. In this emergency, reliance 
may have to be placed on irrigation of the thoracic cavity with 
large volumes of warm saline (Husfeldt & Secher, 1956). 
Except for this emergency, gradual re-warming by surface 
methods is satisfactory, provided that care is taken to avoid 
exposure of the skin to pressure and excessive heat. The 


hypothermic skin is most susceptible to heat damage. 
Temperatures of 40-41° C. adjacent to the skin should not be 
exceeded. 

Overheating and hyperpyrexia, said to occur more readily 
when chlorpromazine has been used, should not be allowed 
to occur. 


5. Direct Cooling of the Blood 


Blood cooling was first described by Boerema et al. (1951) 
and by Delorme (1952),! using an arteriovenous cooling 
technique, and later Ross (1954) introduced a further develop- 
ment in the form of veno-venous cooling which they have 
successfully used for a large series of cardiac surgical cases 
(Brock & Ross, 1955; Ross, 1959). The basis of these tech- 
niques is that blood is removed from the body, passed through 
a cooling system (usually a coil) and returned again to the 
body in the cooled state. 

From the experimental point of view, arteriovenous cooling 
is very simple to set up and easy to control, both in cooling 
and re-warming, and has the great advantage that the experi- 
mental subject does not need to be immersed in water or ice, 
and the necessary procedures to record other physiological 
variables can be more conveniently carried out. At its 
simplest, as shown by Delorme, blood can be removed by 
cannulating the femoral artery, and the systemic pressure is 
sufficient to drive the blood through the cooling coil and back 
by another cannula into a suitable vein. Provided that the 
plastic tubing used is suitably silicon coated, no anticoagulant 
is needed, as the blood clotting time is increased as the 
temperature drops. 

The speed of cooling will depend on the flow through the 
system and the bore of the tubing. Provided that the latter is 
not large enough to cause trouble from too big an arterio- 
venous fistula, cooling can be easily controlled and iced water 
surrounding the coil is enough. This method has not been 
used clinically as early results were unsatisfactory. 

The principle of veno-venous cooling (see fig. 1) is that 
blood is sucked from a vein (usually the superior vena cava) 
by a hand-driven rotary pump to the cooling coil and is then 
returned cool to another vein (usually the inferior vena cava), 
where it mixes with other venous blood and then passes on 
through the heart and out to the body. Ross uses for a human 
patient 16 feet? of thin-walled plastic tubing of 0.5 cm. 
internal diameter and a capacity of 135 ml. This coil is 
wound round a metal former and suspended in a tank with a 
circulating refrigerant (ethylene glycol) at —4° C. Re-warming 
is achieved by changing the temperature of the glycol to 
45° C. This method has its main application in thoracic surgery 
in cases in which the chest is opened. 

The advantages of blood-stream cooling are that it is quick, 
easily controllable, and allows easy access to the patient. It 
is not subject to further downward drift of temperature after 
cooling has stopped, but on the contrary is inclined to drift 
upwards after the inflow of cold blood has stopped, and 
therefore care must be taken to obtain a steady temperature 
when a sufficient drop has been obtained. Clinically, blood- 
stream cooling is as satisfactory as surface cooling in ex- 
perienced hands, but the risks of sudden ventricular fibrillation 
from too rapid cooling, or troubles such as clotting with the 
extra-corporeal circuit, must be remembered and avoided. 


3 See also Delorme, Brit. med. Bull. 1955, 11, 221.—Eb. 
* 1 foot = 30.48 cm.—Eb. 
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FiG. 1. Principle of Veno-Venous Cooling 


Catheter in 
superior vena cava 


Cold blood returned 
to inferior vena cava 


Cooling coil 


in refrigerant Brock & Ross (1955) = see 


of Guy's Hospital 


The control of the procedure by the measurement of tem- 
perature, blood pressure, and so on, is just as important and 
similar in every way to that already discussed for surface 
cooling, and the same hazards should be looked for and 
avoided. 


6. Other Methods of Cooling 


Pleural cooling has been used by Blades and Pierpont in the 
United States of America (Blades & Pierpont, 1954). It is very 
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quick, but has an increased incidence of ventricular fibrillation 
and is now only of academic interest. 

The same applies to intraperitoneal and intragastric cooling 
which, although safe, are too slow in practice. 

Selective cooling of the brain has been tried by several 
workers, notably Parkins, Jensen & Vars (1954), Kimoto, 
Sugie & Asano (1956) and Ross (1959). It is a very 
attractive approach in that the brain, rather than the heart, is 
the obstacle to circulatory arrest for short periods. But by 
the time the brain is cooled and the spinal cord is also 
protected, and—if necessary—the heart itself is stopped 
by selective cooling, the procedure has become rather 
complicated. 

However, there is a growing place for selective cooling of 
the heart in association with extra-corporeal circulation, 
using a small by-pass line to pump cold blood into the 
coronary arteries and so stopping the heart, particularly as 
chemical methods of producing cardiac arrest under these 
conditions are falling into disfavour. 


7. Extra-Corporeal Circulation and Hypothermia 


Two methods of combining these two techniques are 
described elsewhere in this journal.* These are both specialized 
and successful methods, but it should be emphasized that, by 
using a suitable heat exchanger, hypothermia down to 15° C. 
can be achieved using perfusion techniques and apparatus in 
common clinical use. 

Our experience with the Méelrose-N.E.P. heart-lung 
machine with two types of heat exchanger has been entirely 
satisfactory in about 35 cases. Hypothermia can be induced 
once perfusion has started, and can be very easily controlled. 
Our own experience has been in the range of 37-15° C. 
Below 15° C. the physical characteristics of some of the 
plastic tubing used may alter and it will become liable to 
dangerous splitting, but further work with other materials 
can easily overcome this. Alternatively, the technique 
described by Drew can be used. 


* See Kenyon, p. 43, and Drew, p. 37 of this number of the Bulletin.—Eb. 
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The use of hypothermia in cardiac surgery was initiated by 
experimental studies on surface cooling carried out in Toronto 
by Bigelow, Lindsay, Harrison, Gordon & Greenwood (1950). 

The first successful clinical application was reported by 
Lewis & Taufic (1953) in the closure of an atrial septal 
defect. At this time, despite many years of experimental use, 
the heart-lung machine was still unproved by clinical exper- 
ience, was complex in construction, costly to build and difficult 
to maintain. It was not surprising, therefore, that the sim- 
plicity of inducing hypothermia, particularly by surface 
cooling, seemed to offer the best prospect of providing the 
conditions necessary for visual intracardiac surgery. However, 
experience soon showed that it was dangerous to cool a 
patient below an oesophageal temperature of 30° C., because 
of the likelihood of irreversible ventricular fibrillation. At this 
temperature circulatory arrest is usually considered safe for 
8-10 minutes, although Swan (1959) advises a limit of 6 
minutes. This allows time only for the correction of simple 
intracardiac abnormalities such as pulmonary valve stenosis 
and uncomplicated persistent ostium secundum, and leaves 
no margin for error in pre-operative diagnosis or unexpected 
difficulties once the heart is opened. 

It was inevitable that, because of its limitations, interest in 
hypothermia would wane and that the use of the pump 
oxygenator, which allows long periods of open-heart surgery, 
would gain universal favour. In many centres, hypothermia 
was completely abandoned. 
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The use of a pump oxygenator with hypothermia has been 
studied by many workers. The chief advantage claimed from 
this combination is that at low temperatures, perfusion at a 
low rate of flow is possible, with the use of a less efficient pump 
oxygenator with a smaller priming volume than that which is 
required under normothermic conditions. Sealy, Brown & 
Young (1958) showed that at 30° C. a flow rate of as little as 
12 mJ./kg. body-wt./min. was safe during cardio-pulmonary 
by-pass in patients. 

That non-hibernating mammals will tolerate profound 
hypothermia is well proved. Andjus (1951) showed that small 
mammals such as the rat will survive prolonged circulatory 
and respiratory arrest at 1.5° C. Gollan, Blos & Schuman 
(1952) carried out open-heart surgery on dogs which had been 
cooled to 0° C., using a bubble oxygenator and a heat ex- 
changer in the extra-corporeal circuit. Cardiac exclusion was 
performed for one hour with survival, although perfusion of 
the rest of the body was continued during this time. It was 
therefore reasonable to suppose that man also might tolerate 
extreme cold and prolonged circulatory and respiratory arrest 
at low temperatures, provided that a method could be found 
for maintaining a blood circulation during cooling. 

The limitation of hypothermia induced by surface or veno- 
venous methods is due to the failure of the human heart itself 
as it is cooled. Respiratory muscle failure, which also occurs 
during hypothermia, is readily corrected by the use of an 
endotracheal tube and controlled respiration. In similar 
fashion, circulatory failure could be overcome by using 
mechanical pumps in place of the heart. A heat exchanger in 
the extra-corporeal circuit could be used to cool and re-warm 
the patient through a wide temperature range. 

Experimental studies and a preliminary clinical report were 
published by Drew, Keen & Benazon (1959) and by Drew & 
Anderson (1959). Since that time 90 patients with cardiac 
abnormalities have been cooled to a nasopharyngeal tem- 
perature of 15° C., and this experience has led to modification 
of the apparatus and its method of use. 


1. The Apparatus 


This consists of an artificial heart and a heat exchanger 
connected to the patient by plastic blood lines and cannulae. 


a. The Artificial Heart 

This comprises two portable DeBakey-type pumps simulat- 
ing the ventricles, arranged to be just occlusive to a resistance 
exerted by a 100-cm. column of saline, and two plastic reser- 
voirs with translucent walls placed side by side about 50 cm. 
below heart level. The reservoirs are 25 cm. long and about 
6.5 cm. in diameter and receive blood from the atria. They can 
thus be regarded as extensions of these chambers. They are 
each primed with 400-500 ml. of fresh heparinated blood, but 
for infants smaller reservoirs are used, each containing about 
300 ml. of blood. 


b. The Heat Exchanger 
This is placed between the left ventricular pump and the 
systemic arterial inflow. 
Three different methods of heat exchange have been used. 
i. The earliest heat exchanger, used in over 60 cases, 
consists of stainless steel tubes, polished inside, which are of 
}-inch! internal diameter and 60 inches in length. These are 
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arranged in parallel, using Y connecting pieces and short give the maximum lumen. A straight cannula with a fenes- 
lengths of plastic tubing. Two, four or eight tubes are used, trated end is the most convenient type for insertion through 
depending upon the size of the patient. They are suspended the atrial appendage. A right-angled cannula is available for 
in a trough made from a length of rain-water gutter through insertion into the left atrium from the right side, if difficulty 
which is passed cold or warm water to effect heat exchange. is experienced in the other approach, and the heart is exposed 
The temperature of the water bath is kept at 2° C. during via a median sternotomy. A short, straight cannula is used 
cooling and at 42° C. during re-warming. This heat exchanger in the femoral artery and a slightly longer one for insertion 


has the merit of simplicity. Its parts are inexpensive, its high in the infundibulum of the right ventricle into the 
straight tubes can be easily cleaned, and its size can be varied pulmonary artery. 

according to the weight of the patient. The use of several The parts of the apparatus are joined together by translucent 
connecting pieces is clumsy but allows equal distribution of tubes made of polyvinyl chloride. These are of }-inch internal 
blood through the tubes. This is an important factor governing diameter when flows up to 2 L/min. are anticipated, and 3-inch 
the efficiency and safety of any heat exchanger and is easily diameter for flows exceeding this amount. The apparatus is 


overlooked. Using the appropriate number of tubes, it is primed with fresh heparinated blood which varies in amount 
possible to cool an infant or child to 15° C. in the naso- between 1,000 and 2,500 ml., depending upon the size of the 
pharynx in 30 minutes, and an adult to the same temperature patient. 
in about twice that time. 

ii. The arrangement described in paragraph (i) has been 2. The Method of Cooling and Re-warming 
modified to provide a more compact tubular heat exchanger This method is demonstrated in fig. 1. Inguinal incisions 
(Plate II, A). Ten tubes, 24 inches long and of }-inch internal are made to mobilize the femoral arteries. The left artery will 
diameter, are welded at their ends to the periphery of two be cannulated and the right artery will receive a catheter to 
manifolds contained in a jacket through which water is record central aortic pressure. This is done after the heart has 
circulated at the required temperature. Each manifold has a been exposed and the patient given 1.5 mg. of heparin/kg. 
central cone over which is fitted a nose cap of similar shape to body-wt. The surgical approach is usually made through a 
ensure equal distribution of blood through the tubes. This median sternotomy. A cannula is placed in the left atrium, | 
heat exchanger is placed in the vertical position and in this usually through the appendage, and held in position by a 
size is convenient for use in children. Its priming capacity is purse-string suture, the ends of which are threaded through a 
about 200 ml. and its wide-bore tubes make it easy to construct soft rubber tube and used as a snare. All cannulations in the 
and keep clean. chest are made secure in this way. Blood is then allowed to 

iii. A more efficient method of heat exchange has been drain into the left atrial reservoir. The amount is controlled 
developed with the enthusiastic co-operation of the A.P.V. by an adjustable stop on the venous line and varies from 


Company, Crawley, Sussex and with apparatus designed by 150 ml/min. in an infant to about 1,000 ml./min. in an adult. 

Mr David Shore. The annulus-type heat exchanger (Plate IT, B) The same volume is pumped from the reservoir through the 

consists of concentric cylinders enclosing a blood path with heat exchanger into the femoral artery. As cooling progresses, 

water on each side. The blood path is divided into four helical 

streams with entry ports designed to maintain even distribution FiG. 1. Diagram Showing Method of Cooling and 

over the heat-exchange area. The heat exchanger is made of Re-warming 

stainless steel and is easy to clean, sterilize and assemble, and 

to render free of air. Although it has a priming volume of only 

about 400 ml., it has a heat-exchange surface of 5 square feet?, 

equivalent to 16 tubes in the apparatus first described. Outside 

the operating theatre, a cabinet containing refrigeration and 

heating units delivers water to the heat exchanger at any 

temperature between 2° C. and 42° C. (Plate II, C). A mobile 

trolley standing by the operating table holds a pair of roller 

pumps and the reservoirs and also the heat exchanger (Plate II, 

D). A control panel enables water at any temperature to be 

circulated through the heat exchanger, and a time-clock shows 

a continuous pen-recording of the changes. 

The efficiency of this heat exchanger is such that an adult 

may be cooled to a nasopharyngeal temperature of 15° C. in A 

30 minutes. Using the same heat exchanger, the speed of RESERVOIR 

cooling and re-warming in smaller patients may be controlled 

by varying the water-jacket temperature. The ability to CANNULA INTO 

deliver blood to the body at any temperature is one of the FEMORAL ARTERY 

great advantages of this system. : 


c. The Cannulae 
These are four in number, one for each atrium and the 
others for the pulmonary ahd femoral arteries. They are STAINLESS STEEL TUBES 
made in various sizes from thin-walled stainless steel tubes, to FOR HEAT EXCHANGE 


R.A.: right auricle L.A.: left auricle 
2 1 ft.—30.48 cm.—Eb. R.V.: right ventricle L.V.: left ventricle 
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the circulation will begin to fail, because of either poor 
ventricular contraction or the onset of ventricular fibrillation. 
A cannula previously placed in the right atrium is then 
allowed to drain blood into the right venous reservoir. From 
here blood is pumped into the pulmonary artery through a 
cannula inserted in the infundibulum of the right ventricle. 
The flow through the pumps is then increased and the stops 
on the venous lines are gradually removed. The systemic flow 
is regulated to give a mean blood pressure of about 70-80 mm. 
Hg. This determines the amount of blood returning to the 
right atrial reservoir, and the right ventricular pump is 
adjusted to keep the reservoir levels constant. Stabilization is 
rapidly achieved and little readjustment is required. With the 
establishment of artificial pulmonary and systemic circulations, 
cooling proceeds. until a level of 13-15° C. is recorded in the 
nasopharynx. The pumps are then stopped and artificial 
respiration ceases. Clamps are placed on the venae cavae and 
the heart is drained of blood through the venous lines. An 
aortic clamp is applied to prevent air embolism once the heart 
is opened. The appropriate surgery on the heart and neigh- 
bouring great vessels may now be undertaken, any cannulae 
which obstruct the approach being temporarily removed. 
When the intracardiac surgery is completed, air is displaced 
from the heart in the following way. After right atriotomy or 
ventriculotomy, near the completion of septal and wall repair, 
a few turns are made manually on the left ventricular pump 
after the caval clamps are removed. Air is displaced by blood 
returning to the right side of the heart. After left atriotomy or 
aortotomy, the right ventricular pump is used in a similar 
way to drive blood through the lungs to the left side of the 
heart to eliminate entrained air. When the heart has been 
repaired, the cannulae replaced, and all vascular and line 
clamps have been removed, the pumps are restarted and the 
patient is re-warmed. 

The heart is usually in asystole or beating very slowly during 
circulatory arrest. It may resume normal rhythm or its 
ventricles may fibrillate with spontaneous recovery later on. 
Sometimes it is necessary to defibrillate the heart electrically 
when the nasopharyngeal temperature has risen to 30-33° C. 

Re-warming is continued until a nasopharyngeal tem- 
perature of at least 33° C. has been reached and the muscle 
temperature is about 30° C. The pumps are gradually slowed 
when the heart beat is satisfactory. Partial right ventricular 
by-pass is stopped and the cannulae removed from the right 
side of the heart. Finally, left ventricular by-pass is suspended 
and the cannulae removed from the left atrium and femoral 
artery. As the cardiac cannulae are removed, the ligatures are 
left untied until the heart action is satisfactory, to allow 
recannulation if necessary. The recording arterial catheter is 
also withdrawn and the vessels repaired. Protamine or Poly- 
brene is given to neutralize the effect of heparin. Careful 
haemostasis is carried out before the pericardium is loosely 
repaired and the chest is closed. Large-bore, fenestrated 
drainage tubes are used to drain the pericardial space and the 
anterior mediastinum. If the pleural cavity is accidentally 
opened during median sternotomy in a small child, it is 
advisable to insert a pleural drainage tube. 


3. The Technique of Cannulation 
a. The Atria 


Usually there is no difficulty in cannulating the right and 
left atrium through their appendages, as long as the purse- 
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string suture is placed well down at the base of the appendage, 
and an adequate opening made in it before the release of the 
snare and the insertion of the cannula. In all but one of the 
first 60 cases the left atrium was entered in this way. Since 
that time two patients with Fallot’s tetralogy have presented 
with a well-developed left atrial appendage, possessing an 
adequate lumen in which there was a complete stenosis be- 
tween it and the atrium. In one case the atrium was entered 
from the right side, but with difficulty, because at that time a 
right-angled cannula of appropriate size was not available. 
In the other case, the left atrial cannula was placed in the 
right atrium from which blood was pumped through the heat 
exchanger into the femoral artery. Right ventricular by-pass 
was also instituted in the usual way with high flow-rates, and 
the heart continued to beat satisfactorily until a nasopharyn- 
geal temperature of 23° C. was reached. The circulation was 
then suspended while the left atrial cannula was placed in its 
proper position, with the heart arrested and the atrium clearly 
seen. In another very small patient with severe Fallot’s 
tetralogy, whose heart was extremely irritable, the same tech- 
nique was adopted, but the heart quickly developed ventri- 
cular fibrillation. With the cannulae in situ and with good lung 
perfusion, the heart was gently massaged for five minutes until 
the temperature had dropped sufficiently for the circulation 
to be arrested and the left atrial cannula to be placed in its 
proper position. The last two patients made good recoveries 
after repair of the ventricular septal defect and opening up of 
the right ventricular outflow tract. 

In cases of atrial septal defect the dilated right side of the 
heart and the huge pulmonary artery may make access difficult 
to the left atrial appendage. Both atrial cannulae may then 
be placed in the right atrium during the entire period of 
cooling. The left atrial cannula is then placed in its correct 
position during circulatory arrest. 


b. The Arteries 


Cannulation of the femoral artery has given rise to no com- 
plications. In 20 cases of Fallot’s tetralogy, cannulation of the 
pulmonary artery has never presented difficulty, but it is nec- 
essary to use a rigid thin-walled cannula to pass through the 
obstructed outflow tract. Early in our experience two ac- 
cidents occurred involving the pulmonary artery. In one case 
a very long steel cannula was used which became impacted 
in an artery to the right upper lobe. This was perfused by a 
flow greater than its capacity, resulting in severe lobar pul- 
monary oedema and a fatal outcome after right upper lob- 
ectomy had been performed. In the second case, a similar 
cannula was left in situ during circulatory arrest and man- 
ipulation of the heart, and the artery was damaged. Since 
these mishaps, a short cannula has been used, the tip of 
which reaches only into the main trunk. Great care is used 
when the heart is handled if the cannulae are left in position. 


4. The Management of Perfusion 


Although it is obviously possible to use simultaneous right 
and left ventricular by-pass at the onset of perfusion, it has 
been our practice to postpone right ventricular by-pass until 
the heart begins to fail, when the nasopharyngeal temperature 
is usually about 30° C.. In this way only two cannulae need 
attention at any one time, and if difficulty is experienced in 
perfusion or the heart action becomes seriously disturbed, 
there is enough time available at 30° C. to allow corrective 
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measures to be taken. Cooling is not quite so rapid, as there 
is an initial low flow through the heat exchanger, but this 
minimizes temperature gradients within the body. 


a. Stabilization of Reservoir Levels 

During bi-ventricular by-pass, stabilization of the reservoir 
levels is usually easy, but sometimes the pumps will be working 
at different speeds. A higher left pump output is frequently 
seen in cases of Fallot’s tetralogy, presumably owing to a 
shunt of blood from the aorta to the left atrium via the in- 
creased bronchial circulation. A patent ductus arteriosus or a 
Blalock anastomosis produces the same effect. Indeed, as the 
lungs are being perfused there is no need to obliterate a pre- 
viously performed aorto-pulmonary anastomosis before 
carrying out total correction of a Fallot’s tetralogy. This is an 
essential preliminary step if cardio-pulmonary by-pass at 
normal temperatures is used. Aortic incompetence also leads 
to left ventricular pump preponderance. 

In cases of severe left-to-right shunt through the cardiac 
septum with a grossly dilated pulmonary artery, or in cases of 
mitral valve disease associated with pulmonary incom- 
petence, there may be some regurgitation through the pul- 
monary and tricuspid valves; this will require a higher rate of 
flow through the right ventricular pump. 

Before each operation the pumps are set to be just occlusive. 
If the adjustment is inaccurate, unequal pump speeds may 
result, particularly if the left pump is non-occlusive—because 
this is working against the higher systemic resistance. The 
discrepancies between the pump flows have never been serious 
enough to cause serious concern. 


b. Pulmonary Hypertension 


Several patients with severe pulmonary hypertension due to 
a raised vascular resistance have been cooled and re-warmed 
without difficulty, with restoration of heart action. The single 
exception was a patient who was in chronic cardiac failure 
from mitral and tricuspid incompetence following mitral 
valvotomy. Her pre-operative cardiac output was judged to 
be very low and during cooling it was impossible to obtain a 
pulmonary and therefore a systemic flow exceeding 1,500 
mi./min. However, during the early stages of bi-ventricular 
by-pass, this was sufficient to give a mean arterial blood 
pressure of 80 mm. Hg, presumably owing to the intense 
systemic vasoconstriction which was clinically obvious before 
operation. Pulmonary regurgitation was so severe that it was 
necessary to occlude the pulmonary artery around the can- 
nula—the only occasion on which this has been required. 
During re-warming, an attempt to perfuse the lungs with the 
maximum flow possible caused the occluding tape to rupture 
the atheromatous artery. A case with such gross pulmonary 
vascular change is inoperable by any known method and it 
would have been wiser to have advised against operation or to 
have abandoned it early in the procedure. 


c. Rate of Perfusion 


Although metabolic requirements at low body-temperature 
are satisfied by perfusion at a low rate of flow, higher flows are 
used to facilitate heat exchange. In infants this has been as 
high as 150 ml/kg./min. and in a heavy adult a total flow 
of 5 1./min. has been obtained, although it rarely exceeds 3 
litres. 

As the patient’s own lungs are used for oxygenation, the 
perfusion rate depends only on the output of the pumps and 


the size of the cannulae, in the absence of gross pulmonary 
vascular resistance. 

It is sometimes necessary to use high flows in moments ‘of 
cardiac crisis at body-temperatures near normal. This is 
particularly important in cases of aortic valve disease in older 
patients. After valve surgery in such a case the heart may 
not respond satisfactorily until re-warming is far advanced. 
A flow appropriate to a body-temperature of 34° C. may be 
required until such time as the heart action is established. In 
one patient aged 55 years, the heart developed ventricular 
fibrillation after the right-sided cannulae had been removed, 
although the atria continued to contract normally. A systemic 
flow of 3 L/min. was obtained through the left ventricular 
pump for 12 minutes in the absence of ventricular contraction, 
until the temperature rose and the heart responded to 
electrical defibrillation. 

In another patient, aged 60 years, the heart developed 
ventricular tachycardia after all the intracardiac cannulae had 
been removed and the left atrial appendage had been tied. 
Electrical stimulation was ineffective. The right atrial and 
pulmonary artery cannulae were replaced, the lungs were 
perfused and cardiac massage was employed to expel blood 
from the left side of the heart until an effective beat was res- 
tored. Both patients recovered without evidence of cerebral 
damage. 


5. Observations During Cooling and Re-warming 
a. Temperature Changes 

Patients have been cooled to 13-15° C. as a routine in the 
nasopharynx, except on two occasions when a temperature of 
10° C. was recorded. It was found experimentally that this 
fairly accurately reflects brain temperature, although as yet 
we have had no opportunity to confirm this finding in man. 
This does not represent body-temperature, because the 
oesophageal temperature is usually several degrees lower, 
while the muscle temperature may be as high as 30° C. The 
gradients depend on differences in blood flow and are likely 
to be found also in single organs. Very rapid cooling ac- 
centuates these temperature variations. Organs such as the 
brain, lung, liver and kidney which cool quickly also re-warm 
more rapidly. No single temperature recording is completely 
reliable. An intracavitary temperature may be influenced, for 


’ example, by a pool of secretion, or in the rectum by the pre- 


sence of faeces. An intramuscular electrode may be insulated 
by a haematoma which may develop in a patient who has 
received heparin. In practice the temperatures are continuously 
monitored at various points, a multi-channel recorder being 
used. This enables cooling to be controlled so that the tem- 
perature gradients between various parts of the body are not 
unduly high. It also provides a check on the nasopharyngeal 
reading. 

Re-warming is carried out until the muscle temperature 
reaches at least 30° C., otherwise the mean body-temperature 
may fall to a level which may adversely affect the action of the 
heart. During re-warming, warm water is passed through a 
blanket placed under the patient. This helps to maintain 
body-temperature while the chest is being closed. In the 
experimental laboratory, surface cooling and re-warming by 
immersion were used during perfusion. The increase in speed 
of heat exchange was small and did not seem to justify the 
extra apparatus. The use of an additional heat exchanger in 
the extra-corporeal part of the pulmonary circulation does 
not appear to be worth while, because the amount of heat 
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transfer in the lungs must be small. These organs would cool 
even more rapidly than they do already, which might affect 
gaseous exchange. Such additional aids may be necessary in 
the future if it is thought desirable to cool patients nearer to 
a temperature of 0° C. 


b. Behaviour of the Heart 


The heart always slows as it is cooled. In some cases, the 
bradycardia may progress and be present throughout the 
period of circulatory arrest, and the heart rate may then 
gradually increase during re-warming. In other cases ventri- 
cular fibrillation may occur with cooling, although at 15° C. 
and during circulatory arrest there is invariably complete 
asystole. On re-warming, the heart may resume normal 
rhythm or the ventricles may fibrillate. There may be spon- 
taneous reversion, usually at a nasopharyngeal temperature 
above 30° C., or normal rhythm may occur following manual 
stimulation. In roughly one in three cases, ventricular fibril- 
lation is still present at 30-32° C. and electrical defibrillation is 
required. These patients are almost always adult, and defibril- 
lation is rarely necessary in children. Fourteen patients operated 
upon for aortic valve disease have all needed electrical de- 
fibrillation. A single electric shock is usually all that is re- 
quired. These are the most common changes but almost every 
type of arrhythmia has been observed during cooling and re- 
warming. 

c. The Electroencephalograph 

At about 20° C. in the nasopharynx the electroencephalo- 
graph becomes isoelectric. At this point the reservoir levels 
drop, owing possibly to vasomotor paralysis causing ex- 
pansion of the vascular bed within the body, and the blood 
pressure tends to fall. Similar phenomena in reverse are 
noticed on re-warming. 

The long period of EEG silence, until 20° C. is reached again 
on re-warming, means that cerebral anoxia at lower tempera- 
tures cannot be detected if, and as, it occurs. 


d. Other Observations 


As the body-temperature falls, the oxygen saturation of 
systemic venous blood rises until it almost reaches that in the 
aorta. Immediately following circulatory arrest the oxygen 
saturation of mixed systemic venous blood is usually 65-70%. 

There is no serious electrolyte disturbance except in patients 
with chronic cardiac failure in whom electrolyte imbalance 
already exists. The only notable feature is that the plasma 
potassium is on the low side of normal after re-warming. 

In the first 25 cases, a mixture of 95% O, and 5% CO, was 
given during cooling. Very low blood pH values were ob- 
tained which, however, were largely reversed on re-warming. 
It is now our practice to give 100% O,, and the pH readings 
are now more acceptable. It is doubtful whether this change 


' in technique has made any difference to the post-operative 


course or to the ultimate survival of the patients. 

An intensive study of the biochemical changes which occur 
in patients subjected to profound hypothermia is now in pro- 
gress, with particular reference to patients with known bio- 
chemical imbalance associated with medically treated cardiac 
failure. 


6. Post-Operative Complications 
a. Complications Involving the Central Nervous System 


The simple but somewhat inefficient tubular heat exchanger 
was used in the first 68 cases. In this series, no patient had 
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less than 25 minutes’ circulatory stand-still, and some patients 
more than 50 minutes’. 

There was no evidence of cerebral damage which with 
certainty could be attributed to the long period of circulatory 
and respiratory arrest. Two patients, about 50 years of age, 
with calcific aortic stenosis, showed very slight mental con- 
fusion for the first few post-operative days but then became 
completely normal. The change in both may have been as- 
sociated with circulatory arrest, but may have been due to 
cerebral air embolism following aortotomy or to calcific 
embolism after surgery on a grossly calcified valve. It is not 
uncommon to observe similar changes after mitral valvotomy 
when a closed technique is used at normal body-temperature. 

In our early experience with the highly efficient annulus 
heat exchanger, three patients, 8, 10 and 12 years old, showed 
signs of brain-stem damage. The symptoms included diffi- 
culty in visual accommodation, dysarthria, dysphagia and 
choreiform movements. The patients had quickly regained 
consciousness after operation and were normal for 36 hours 
to 4 days before the onset of symptoms. One child has made 
an almost complete recovery and the others show progressive 
improvement. If these complications had occurred early in 
our experience they would have been almost certainly attribu- 
ted to cerebral anoxia during circulatory arrest. The fact that 
the circulation was suspended for only 32 minutes in the most 
seriously affected child invites another explanation. 

The new heat exchanger is so efficient that re-warming in 
particular is very rapid, the blood leaving the heat exchanger 
within 1-2° C. of the temperature of the water jacket, which 
could be as low as 4° C. or as high as 42° C. Blood rarely 
leaves the tubular heat exchanger at a temperature lower than 
10° C. or higher than 35° C. After eliminating other factors, 
we believe that perfusion of the brain at normal body- 
temperature by very cold blood, and/or perfusion of the cold 
brain after circulatory arrest, with blood above normal body- 
temperature, may be responsible for the brain damage which 
has been observed. Using an efficient heat exchanger, such a 
situation is most likely to occur in small patients. Cooling 
and re-warming are now done in stages, and in children the 
temperature of blood leaving the heat exchanger is not allowed 
to fall below 10° C. or rise above 38° C. So far, the unusual 
neurological syndrome previously encountered has not 
recurred. 

In the entire series only one patient has died as the result of 
circulatory arrest at 15° C. This child was suffering from 
total anomalous pulmonary venous connexion to the right 
atrium, erroneously diagnosed as a large atrial septal defect. 
The communication between the pulmonary venous con- 
fluence and the right atrium was closed. On re-warming, 
blood failed to drain from the left atrium, the cause of this 
not being immediately recognized. The total period of circul- 
atory arrest before corrective surgery was completed was 158 
minutes, far in excess of any previous experience. The heart 
reverted easily and spontaneously to normal rhythm and, 
contrary to expectation, consciousness began to return with 
surprising rapidity. When the child returned to bed two hours 
after the chest was closed, respiration was normal, she moved 
her limbs, responded to stimuli and appeared to be only lightly 
unconscious, although she did not speak. A few hours later, 

the blood pressure fell, spasticity of the limbs occurred, and 
death ensued 12 hours after operation. At autopsy there was 
obvious cerebral oedema. The initial rapid improvement 
encourages speculation as to whether recovery might not 
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eo have ultimately taken place if the blood pressure had been 
= maintained and the undoubted metabolic acidosis had been 
treated. 
at b. Haemorrhage 
ee No marked tendency to bleeding has been observed in this 
; a series as a whole. One patient bled profusely from the start 


of the operation, losing 1,500 ml. of blood before the heart 
was exposed. There was no obvious cause for this, the 
haemorrhage continued after the operation, and the patient 
died. Since this episode all patients now undergo a more 
thorough pre-operative assessment for bleeding tendencies and 
clotting deficiencies. This has resulted in some patients being 
temporarily rejected for surgery. 


c. Lung Complications 
Apart from the accidents associated with cannulation, pre- 
viously described, post-operative pulmonary complications are 
rare. The “wet lung” syndrome which was observed after 
cardio-pulmonary by-pass does not occur. 


7. Comparison Between Profound Hypothermia and 
Cardio-Pulmonary By-Pass 


The apparatus for profound hypothermia is more simple 
than the heart-lung machine used for cardio-pulmonary by- 
pass. An artificial oxygenator and a coronary sinus suction 
system are not required. A filter is not used as a routine 
except in cases of mitral valve disease. Stainless steel gauze 
disks are then placed at the bottom of the reservoirs to trap 
particulate material which may come from the atria. Less 
blood is needed to prime the extra-corporeal circuit. The 
cannulation required for profound cooling is different but no 
more difficult to do than that for cardio-pulmonary by-pass 
with venting of the left atrium. 

Once the patient is cooled, the pumps stopped, and the 
heart drained of blood, it is possible to perform the intra- 
cardiac surgery as easily as on the cadaver. At this stage the 
surgeon is independent of a machine. The heart is stopped or 
beating infrequently, and is protected from anoxic changes by 
its own low temperature. Under such conditions it is not 
immediately possible to detect heart block due to surgical 
trauma. This can be considered a disadvantage only when it 
has been established that during the repair of a ventricular 
septal defect this complication can be immediately and perm- 
anently reversed—in most cases by removing the offending 
needle or suture. 

Further experience is necessary to determine whether it is 
essential to have a beating heart for the correction of mitral 
incompetence. 

When a heart-lung machine is used at normal body-tem- 
perature, myocardial and bronchial blood needs continuous 
: a aspiration. Even if cardiac arrest is induced with potassium 

aS citrate or merely by clamping the aorta above the coronary 
arteries, bronchial venous return can still be troublesome, 
particularly in cases of Fallot’s tetralogy. Moreover, the 
myocardium may become damaged by anoxia if coronary 
circulatory arrest is prolonged. This is of particular im- 
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portance in older patients with calcific aortic stenosis, in 
whom the failing left ventricle is particularly sensitive to 
anoxia. 

One difficulty in using profound hypothermia with sus- 
pended animation is that we do not know the period of cir- 
culatory arrest which can be safely withstood at 15° C., 
although it is certainly in excess of 55 minutes. Most 
intracardiac operations can be completed within this time, 
especially as in a dry field of operation no time is lost in 
manipulating a sucker. If a longer period is essential, the 
operation can be done in two stages, with a short period of 
perfusion between each stage. The only barrier to predeter- 
mination of the period of arrest is the rare situation previously 
described, when perfusion was impossible because of the in- 
ability to tap pulmonary venous return, and this situation in 
our hands is unlikely to recur. 


8. The Immediate Results 


Profound hypothermia has been used in 90 cases for the 
treatment of congenital and acquired heart disease, including 
most types of septal defect, endocardial cushion abnormal- 
ities, Fallot’s tetralogy, transposition of the great vessels and 
acquired aortic and mitral valve lesions. The ages of the 
patients varied between 3 months and 60 years and the weights 
ranged between 8 Ib. (3.6 kg.) to 188 Ib. (85.5 kg.). The apparatus 
is reliable and haemolysis produced by it is extremely low. 

The immediate mortality and morbidity bear favourable 
comparison with other methods used for open-heart surgery, 
particularly in the treatment of aortic valve disease and Fallot’s 
tetralogy. An analysis of the results of operation on such a 
large number of different cardiac lesions is beyond the scope 
of this paper, which is constructed to emphasize details of 
technique and the difficulties and complications which may 
arise. 

9. Future Developments 


Further experience may lead to the use of lower tem- 
peratures and this will require intense study of the physical 
problems of heat exchange. A more precise knowledge of the 
period of safe circulatory arrest at different temperatures is 
urgently required and may be obtained by more complete 
studies of oxygen consumption during cooling and re-warm- 
ing. Indeed, if such measurements could be continuously 
recorded, they should be more reliable than temperature 
observations. 

The use of profound hypothermia in the manner described 
should be particularly useful in the surgery of coronary artery 
disease. Time-consuming operations could be carried out on 
the arteries of a still cold heart and, if the aorta wereclamped, 
perfusion at a low rate of flow could be continued without 
complete circulatory arrest. It is reasonable to say that during 
a long period of circulatory and respiratory arrest at a low 
temperature the patient is in a state of suspended animation. 
Now that this has been achieved, even to a limited extent, it is 
inconceivable that further investigation will not make it safer, 
extend its applications and possibly lead to more simple 
means of achieving the same end. 
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AEI equipment for heart surgery 


BLOOD 
PRESSURE 
RECORDING 


The latest AEI equipment provides for all 
modern theatre techniques of blood pressure 
recording. The following ranges can be selected 
on the amplifier range switch to give a full scale 
output of approximately 1 volt. 

o-10 mm Hg - o-20mm Hg - o-40 mm Hg 
o-100 mm Hg - 0-200 mm Hg - 0-400 mm Hg 
A bench cabinet can be supplied for one or two 
MRS50r units. 


The following essential items are designed to 
work as an integrated system; full particulars will 
be gladly supplied on request: 

MRso1 Minirack Preamplifier (t/lustrated) 
P23G Statham Strain Gauge (llustrated) 
2-Channel DC Amplifier Unit R2428_ 

DC Power Supply Unit R2324 

Recorder Unit E.P.R. (1-4-pen direct writing | 
oscillograph). 


ROLLER 


BLOOD PUMP 


The new AEI roller-type blood pump will pump 
blood at rates from o to 6 litres per minute with 
negligible hemolysis. The pump element is a 
translucent rubber tube, cheap and easy to 
replace. The pump speed can be varied continu- 
ously from 0 to 200 rpm. There is a handle for 
manual operation in the event of a mains failure. 


Self-contained e 


AEI 


Negligible hemolysis 


Simple e 


Reliable e Up to 6 litres/min. flow rate 


ELECTRO-MEDICAL EQUIPMENT 


Associated Electrical industries Ltd 
155 Charing Cross Road, London, W.C.2 + Telephone: Gerrard 9797 
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Profound or Combined 


HYPOTHERMIA TROLLEY 


A mobile unit for mounting Heat Exchangers. 
Includes two variable flow pumps with 
controls and two reservoirs for arterial 

and venous blood. 


Three sizes—stainless steel— 
easy to clean and assernble— 
autoclavable—are available 
for mounting on profound 
hypothermia trolleys or 
heart and lung machines. 


© © © bet 


@ Coronary Sinus Suction Apparatus @ ‘Clearcave’ Tubing, 
can be used with a new N.E.P development, is transparent 
Hypothermia Trolley and Melrose-N.E.P flexible even at low temperatures— 
Heart and Lung Machine. can be autoclaved without degradation. 
@ Stainless Steel Pumps AND FOR CARDIAC DIAGNOSIS 
on N.E.P equipment are easily cleaned N.E.P Rack Mounted Six Channel 
and assembled with pre-sterilised tubing. Physiological Recorder 


assists all procedures. 
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ingers. 


HEAT 
EXCHANGE CONTROL TROLLEY 
Provides instant switching from 


cooling to heating. Incorporates 


cold water tank with refrigeration unit. HYPOTHERMIA 
Hot water tank with immersion heater. FOR COMBINED oF 


Temperature controller with an accuracy Melrose-N.E.P Heart and Lung Machine 
of +4°C. Automatic safety device limits Jf incorporating Heat Exchanger. 

maximum hot water temperature incaseof §& 
failure or misuse of control system. 


New Electronic Products Ltd 


MAKERS OF MEDICAL AND INDUSTRIAL INSTRUMENTS 


Head Office and Works 
360 Kennington Road London SE11 Reliance 5161 
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Some of the many countries 
where ‘Alcopar’ is helping to 
keep the worm burden down 


Proved throughout the World against Hookworm 


Cure rates of 90-100 per cent are commonly obtained with 
‘Alcopar’ against hookworm. 

A single dose of ‘Alcopar’ expels both hookworm and 
roundworm from the gut—safely and without purgation. 
For the individual patient (young or old), for routine con- 
trol in schools, clinics, for mass treatment of labour forces, 
and for treating entire communities in endemic areas . 


‘Alcopar’ is the accepted answer 


icopar 


DISPERSIBLE GRANULES 


Issued in single-dose sachets of 5 gm. containing bephenium hydroxy- 
naphthoate equivalent to 2.5 gm. bephenium (base). Packs of 25 and 100 
sachets. 


& 


BURROUGHS WELLCOME & co. (The Welicome Foundation Ltd.) LONDON 


4 ASSOCIATED COMPANIES THROUGHOUT THE WORLD 
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EXPERIMENTAL DEEP 
HYPOTHERMIA 


J. R. KENYON B.Sc. Ch.M. F.R.CS. 


Assistant Director, Surgical Unit 
St Mary’s Hospital, London 


Ventricular fibrillation 

Perfusion hypothermia with the pump oxygenator 
Temperature gradients 

The heart 

Vascular responses 

The brain 

Metabolism 

Blood coagulation 


Conclusions 
References 


Deep hypothermia is produced in the non-hibernating animal 
when the core or central temperature of the body is reduced 
below the temperature range in which ventricular fibrillation 
occurs. 


1. Ventricular Fibrillation 


In 1766 John Hunter observed that small animals would not 
survive prolonged immersion in ice-cold water (Hunter, 1835). 
Walther (1862) cooled rabbits to 18° C. and noted that 
artificial respiration encouraged both re-warming and survival. 
Simpson & Herring (1905) cooled cats to 16° C., but these 
animals survived only if artificially re-warmed. It was not 
until 1950 that serious experimental observations were made 
on hypothermic animals, with the object of arresting the 
circulation during open-heart surgery. Bigelow, Callaghan & 
Hopps (1950) cooled 39 dogs to 20° C. by surface methods 
and excluded the heart from the circulation for 15 minutes. 
Nineteen dogs died during this period, 14 of these from 
ventricular fibrillation. Later Bigelow, Lindsay & Greenwood 
(1950) noted that ventricular fibrillation occurred in dogs 
between 16° C. and 22° C. These findings were confirmed for 
other species, and Burton & Edholm (1955) cite 14~20° C. as 
the critical level for the adult animal of non-hibernating 
species. In man, 28-30° C. was the lowest safe limit to which 
the deep body-temperature could be reduced without danger 
of ventricular fibrillation, but in this temperature range it was 
possible to exclude the heart from the circulation for only ten 
minutes. 

In 1951 Andjus showed that asmall proportion of rats cooled 
to a body-temperature of 0-2° C. could be reanimated after a 
cardiac and respiratory stand-still of 40-50 minutes. Sub- 
sequently Andjus & Smith (1955), Andjus & Lovelock (1955), 
Goldzveig & Smith (1956) and Smith (1957) developed a tech- 
nique for cooling and supercooling mice, rats, hamsters and 
galago monkeys to temperatures below 0° C., with a high 
proportion of survivors. This technique involved the in- 
gestion of propylene glycol before the experiment, narcosis 
with carbon dioxide and precooling to 15-20° C., followed by 
final immersion in a refrigerant solution until the colonic 
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temperature reached -—3° C. to —5° C. The animals were kept 
in this state of suspended animation for periods of 50-70 
minutes, then reanimated by artificial respiration and micro- 
wave diathermy. Niazi & Lewis (1954, 1956, 1957) also 
developed a similar technique by which rats, dogs and mon- 
keys were cooled to 0° C., with survival. 

These techniques for cooling and supercooling to low 
temperatures, although successful with small animals, have 
not proved satisfactory for general application to larger 
animals or man. A considerable volume of research on the 
aetiology of ventricular fibrillation failed to produce a solu- 
tion. To mention a few observations, Swan, Virtue, Blount 
& Kircher (1955) produced a respiratory alkalosis by pul- 
monary over-ventilation and reduced the incidence of 
ventricular fibrillation in a series of hypothermic dogs; 
Osborn (1953) prevented ventricular fibrillation in dogs cooled 
below 19° C. by maintaining a high serum bicarbonate; Cahn, 
Melon & Dubrasquet (1953) and Riberi, Siderys & Shumacker 
(1956) reduced the incidence of ventricular fibrillation by 
blocking the sino-atrial node with local anaesthesia; Mont- 
gomery, Prevedel & Swan (1954) used systemic prostigmine to 
reduce the incidence of ventricular fibrillation. However, 
these methods only reduced, by a few degrees centigrade, the 
temperature at which ventricular fibrillation occurred. 

In 1952 Gollan, Blos & Schuman reported the experimental 
use of a simple pump oxygenator combined with hypothermia 
to 30° C., with the object of reducing flow in the extra- 
corporeal by-pass. The concept of using a pump oxygenator 
to by-pass the heart during cooling was developed, and Gollan, 
Hamilton & Meneely (1954) reported the survival of 13 out of 
17 dogs cooled below 10° C.; later Gollan, Grace, Schell, 
Tysinger & Feaster (1955) recorded 9 survivors of 14 dogs 
undergoing cardiotomy at an oesophageal temperature of 
4-6° C. By these methods a selective cooling of the fore-part 
of the animal was produced. Juvenelle, Lind & Wegelius 
(1954) “surface cooled”’ dogs by immersion in ice-cold water 
to the point of ventricular fibrillation, then used a pump 
oxygenator to control the fibrillation; 10 of 44 dogs recovered 
from rectal temperatures of 9-19° C. Kenyon & Ludbrook 
(1957) reported a method of total body cooling in dogs to 
core temperatures of 4.7~7° C. with cardiac recovery. Drew, 
Keen & Benazon (1959) have reported a most interesting 
method of by-passing the heart which obviates the use of an 
oxygenator in the production of deep hypothermia. Kenyon, 
Ludbrook, Downs, Tait, Brooks & Pryczkowski (1959) have 
reported survival in 8 of 10 dogs cooled below 5° C. with 
periods of complete circulatory arrest, combined with ex- 
sanguination, of up to 45 minutes. 


2. Perfusion Hypothermia with the Pump Oxygenator 


In a typical experiment the dog is anaesthetized with intra- 
venous sodium thiopentone and is intubated, and pulmonary 
ventilation maintained with a mechanical respirator. The 
heart is exposed through a right thoracotomy incision, and an 
iliac artery is exposed through an inguinal incision. Thermo- 
couples record temperatures in different parts of the body, and 
venous and arterial pressures are also recorded. After the 
administration of 5 mg. heparin/kg. body-wt., two cannulae 
are inserted through the right atrium to lie in the superior and 
inferior venae cavae, and an arterial cannula is placed in the 
iliac artery, with the tip in the abdominal aorta. Blood is 
syphoned from the venae cavae to the oxygenator, pumped 
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Fic. 1. The Perfusion Circuit Used For Inducing Hypothermia in a Dog 


To re-warm, the by-pass between 
arterial and venous catheters is closed 
and blood is pumped back into the dog. 
Meanwhile, the temperature of the heat 
exchanger is gradually raised to 25° C. 
Heart action recommences between 13° 
C. and 18° C., after which the tempera- 
ture of the heat exchanger is rapidly 
raised to 40° C. Pulmonary ventilation 
is recommenced when the heart action is 
established Re-warming to 40° C. is 
normally completed within 30-40 min- 
utes and is assisted with external warmth 
provided by infra-red heaters. A typical 
chart of changes in temperature, pressure 
and perfusion rate is shown in fig. 2. 
The arterial and venous cannulae are 
removed, a calculated dose of protamine 
sulphate administered, and the incisions 
closed, with chest drainage to an under- 
water seal. 


3. Temperature Gradients 


When cooling is commenced, blood 
enters the aorta at 0° C. and is distributed 
longitudinally towards the aortic arch, 
the coronary arteries and the brain. Cold 


blood is also distributed radially through 
a a the major branches to the periphery, 

Pryczkowski (1959) by permission of theLoncet finally returning by the capillaries and 

©, Oxygenator S.V.C. superior vena cava the venous system to the venae cavae. 
H.E. Heat exchanger 1.V.C. inferior vena cava With high flow-rates, the grea aor part of 

T Bubble trap R.V. right ventricle the venous return is syphoned into the 
oxygenator, and only a small proportion 


through the heat exchanger and a bubble trap, and then 
returned to the aorta. This completes the cooling circuit 
shown in fig. 1. 

While the extra-corporeal by-pass is being stabilized, the 
temperature of the heat exchanger is maintained at 37° C. 
When a satisfactory flow has been obtained and arterial and 
venous pressures are steady, the temperature of the heat 
exchanger is rapidly reduced to 0° C. The deep body- 
temperature of the animal falls rapidly and it is usual to 
reach 10° C. within 15 minutes, and 5° C., or below, in a 
further 5-10 minutes. During cooling, the heart rate becomes 
progressively slower, and ceases altogether in the region of 
15° C. Pulmonary ventilation is now discontinued. When the 
deep body-temperature reaches 5° C. the pump is slowly 
turned off and the arterial and venous connexions clamped. 
Meanwhile, the blood in the pump oxygenator and heat 
exchanger is kept slowly circulating through a by-pass, with 
the temperature of the heat exchanger maintained at 5° C. 
Exsanguination is produced by opening both venous and 
arterial connexions and allowing the corporeal blood volume 
to drain into the oxygenator. 

The animal is now cold and lifeless, without heart action, 
respiration or circulation. The pupils are widely dilated and 
all reflex activity is absent. A surgical incision is completely 
bloodless. This state may be obtained for periods up to 45 
minutes before re-warming is commenced. 


passes through the heart and pulmonary 

circulation. This proportion decreases 
even more as the cardiac output falls with the reduction in 
temperature, but, when the heart action ceases, the coronary 
arteries are still perfused with cold blood from the pump 
oxygenator. The temperatures of the porta hepatis, the liver, 
kidneys, and adrenals are closely related to each other, while 
the cardiac and oesophageal temperatures are usually 2-3° C. 
lower during cooling. The brain temperature lags behind that 
of the porta hepatis and is 5-7° C. higher when cooling has 
been completed. Peripheral muscles and skin cool most 
slowly of all and frequently remain at or near ambient tem- 
perature. A few of these temperature gradients during cooling 
and re-warming are reproduced in fig. 3. 

The rate of cooling in different tissues is also related to the 
vascular responses in those tissues. Preliminary observations 
with a Mowbray-Henschel needle have shown that the flows in 
liver and kidney are unchanged during perfusion, but those in 
fore and hind limb muscle may be reduced by 50% during 
cooling. 

Thus, during perfusion hypothermia a cold central core 
exists, with a temperature gradient to the periphery, which is 
at or near ambient temperature. During periods of circulatory 
arrest there is a tendency for the core temperature to equili- 
brate with that of the periphery, as shown by a rise in the 
porta hepatis temperature by 4-5° C. On re-warming, the 
temperature changes are reversed. The core temperature rises 
rapidly, overtaking that of the periphery at an early stage. 
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Fic. 2. Changes in Porta Hepatis Temperature, 
Arterial Pressure and Perfusion Rate, During 
Perfusion Hypothermia in a Dog 


Circulatory 


Cooling arrest 


s 68 


Temperature (°C.) 


= 


ressure 


| 
He) 
S 


200 mi. blood 


(mm. 
of 8 


Mean arteria 


a 


60 90 
Time (min. ) 


Circulation was completely arrested for 45 m 
E.C.C, (extra-corporeal circulation): rate (ml./kg./min.) 


0 30 120 150 


When the perfusion is discontinued the core temperature falls, 
to equilibrate with that of the more slowly rising periphery. 
The fall in the porta hepatis temperature varies between 5° C. 
and 8° C., and thereafter the whole body re-warms at a rate 
of 2-3° C. per hour. 

The importance of adequate re-warming is emphasized in 
Table I. 


TABLE I. Survival Rates of Inadequately Re-warmed 
(Group 1), and Adequately Re-warmed (Group 
2) Dogs 


Mean fall 

in tem- 
perature 
after re- 
warming 
ec.) 


Mean porta hepatis 
temperature after 
perfusion 


ec.) 


Number of 


experiments Survivors 


Group 


1 (partially 
re-warmed) 


2 (completely 
re-warmed) 


In Group 1 re-warming was discontinued before normal 
body-temperature was reached, and in Group 2 re-warming 
was continued until the temperature had reached 40° C., and 
additional warmth was supplied by infra-red heaters. 


4. The Heart 


Ventricular fibrillation was not a serious problem with the 
technique described. It was observed in 11 of 66 experiments 
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and occurred either during cooling or re-warming, or in 
both. Spontaneous conversion occurred on four occasions; 
conversion through the use of potassium citrate, electrical 
defibrillation or re-cooling (Kenyon & Ludbrook, 1957) was 
produced in three experiments, Irreversible ventricular 
fibrillation was observed in three early experiments and was 
associated with mean perfusion rates below 20 ml./kg./min., 
and with prolonged cooling and re-warming times. These 
three instances could be accounted for by inadequate cardiac 
by-pass and coronary perfusion during the cooling and re- 
warming periods. In the final series of 27 experiments, when 
the arterial cannula was placed with its tip in the aorta, and 
using mean flow-rates in excess of 60 ml./kg./min., there was 
no incidence of ventricular fibrillation. Ventricular fibrillation 
occurring under the experimental conditions described must 
be differentiated from that observed at operation on the 
diseased or congenitally abnormal heart, when different 
factors apply. 

During cooling, the heart rate slows in direct proportion to 
the temperature measured in the porta hepatis, until the point 
of cardiac arrest at approximately 15° C. The electrocardio- 
gram shows a progressive decrease in cardiac conduction, 
manifest by a broadening of the P waves and QRS complexes. 
The P-R and Q-T intervals become progressively longer. 
Below 15-20° C. any one of the following events may occur: 


i. Complete absence of electrical activity. 
ii. Persistent P waves with absent QRS complexes. 
iii. Regular ventricular complexes with retrograde excita- 
tion of the atrium. 
iv. Regular ventricular complexes followed only by a 
sinusoidal recovery wave. 
v. Ventricular fibrillation. 


Which of these events occurs depends to some extent on the 
coronary blood flow as mediated by the perfusion rate and the 


Fic. 3. Temperature Gradients During Perfusion 
Hypothermia in a Dog 
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directional flow of the arterial cannula. This factor applies to 
the onset of ventricular fibrillation, as stated above. 

During cardiac arrest and total circulatory arrest, the heart 
is soft and flaccid. Occasionally a slow worm-like contraction 
has been observed, particularly when the heart has been ma- 
nipulated; this is due to local re-warming of the heart. 

On re-warming, the electrocardiogram shows the first sign 
of activity, with reappearance of the P waves at or near 10° C. 
At 1-3° C. higher the ventricular complexes appear and the 
normal sequence of conduction is re-established. Cardiac 
contractions commence between 13° C. and 18° C. The 
immediate recovery of cardiac function has not created any 
problem, but late failure may occur during the first 12 hours 
after the experiment, if metabolic control has been inadequate. 


5. Vascular Responses 


These have not been studied in detail but a few observations, 
made in 66 experiments, may be worth noting. 

When the perfusion is commenced there is a partial loss of 
vasoconstriction. During the early stages of cooling, an active 
vasoconstriction occurs, to be followed by a vasodilatation 
between 15° C. and 20° C. At this stage, it is usual to add 10 
ml. of blood/kg. body-wt. to the circulation to maintain the 
venous return and the rate of cooling. Below these tem- 
peratures, the increasing viscosity of the blood further 
decreases the venous return and all vasomotor activity is lost. 
In those animals which are re-warmed immediately the reverse 
of these events occurs; after periods of total circulatory arrest 
there appears to be only slow recovery of the vasomotor 
activity and it may not be recovered completely for 12 hours or 
longer. These findings are manifest by the relatively large 
positive balance of blood required to maintain a satisfactory 
arterial pressure during the first 12 hours after the experiment. 


6. The Brain 


The electroencephalograph activity disappears when the 
brain temperature reaches 18-20° C. on cooling and reappears 
at 20-22° C. on re-warming. There was no evidence of cere- 
bral damage in 17 surviving dogs cooled to 5° C. or below, and 
afterwards observed for periods varying between 14 days and 
18 months. Nine of these dogs had undergone total circula- 
tory arrest and exsanguination for periods varying between 
30 minutes and 45 minutes, and all behaved normally in every 
respect. 

There is a theoretical objection to wide temperature grad- 
ients between the blood and tissues, in that the oxygen 
dissociation curve shifts to the left. This factor also applies to 
the carbon-dioxide dissociation curve, with the possible result 
that a sudden rise in the temperature may cause spontaneous 
effervescence with the production of gaseous micro-emboli. 
This event would be particularly obvious in the brain, but in 
practice it did not occur under the experimental conditions 
described. 


7. Metabolism 


Experimental dogs, cooled to a porta hepatis temperature of 
5° C. or below and immediately re-warmed, survived, pro- 
vided that the re-warming was adequate. Those dogs under- 
going total circulatory arrest and exsanguination for periods 
of 30-45 minutes all died within 12 hours of completion of the 
experiment. The cause of death was a profound metabolic 


acidosis, resulting in a delayed cardiac failure. A third group, 
under similar experimental conditions, resulted in a high 
proportion of survivors, when the metabolic acidosis was 
controlled. These results are shown in Table II. 


TABLE Il. Number of Dogs Surviving after 
Hypothermia with Different Techniques 


Number of 
experiments 


Number of 
survivors 


Group 


Technique 


Hypothermia to 5° C. 


2 poner circulatory arrest 0 
and exsanguination 
3 Hypothermia, circulatory ar- 9 


rest, exsanguination and meta- 
bolic control 


The dogs in Group 2 showed a profound fall in arterial 
pH and pCoO,. A fall in the serum potassium was also noted 
over the whole experimental period (fig. 4). In Group 3 a 
solution of isotonic sodium bicarbonate with additional 
potassium chloride and calcium gluconate (Kenyon et al. 
1959) was administered intravenously during the perfusion 
and early post-experimental period, to maintain the arterial 
pH, measured at 38° C., above 7.25. In addition, before 
commencing the perfusion, ten of these dogs were pre-cooled 
to 33° C., with the object of reducing muscle temperature. 


FIG. 4. Mean Temperatures, Plasma Sodium and 
Potassium Levels, and Arterial pH During Per- 
fusion Hypothermia in Dogs 
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One dog was not pre-cooled and survived uneventfully, but it is 
interesting to note that approximately 50% more of the 
sodium bicarbonate solution/kg. body-wt. was required for 
satisfactory metabolic control. 

The source of the metabolic acidosis is probably in the 
relatively uncooled muscle mass. Fuhrman (1956) has shown 
that muscle oxygen consumption at 20° C. is still 30% of that 
at normal body-temperature, whereas the oxygen consump- 
tion of brain, liver and kidney would be less than 10% of 
normal, at the temperatures observed in these experiments. 
These observations, particularly when associated with the 
high potassium levels after circulatory arrest (fig. 4), suggest a 
temporary depression in the function of the cell membrane 
during this period of arrest. 


8. Blood Coagulation 


Slight falls in the levels of platelets and plasma fibrinogen 
have been observed: provided that the after-drop of the deep 
body-temperature had not fallen below 33° C., and the extra- 
corporeal circulation time had not materially exceeded 60 
minutes, there was no difficulty with post-operative haemor- 
rhage. This, however, demanded the use of an efficient heat 
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exchanger to produce adequate cooling and re-warming 
within this time limit. 


9. Conclusions 


The methods described have prevented the danger of irre- 
versible ventricular fibrillation in deep hypothermia, and have 
also permitted complete circulatory arrest combined with 
exsanguination in experimental dogs for periods of up to 45 
minutes. It is possible that the period of 45 minutes of cir- 
culatory arrest may be exceeded, but further research will 
be necessary to confirm this. Smith (1957) observed intestinal 
haemorrhages in hamsters kept at 0° C. for 70 minutes or 
longer, and we have also observed acute pancreatitis and 
intestinal haemorrhage in the dog, when the total circulatory 
arrest has exceeded 60 minutes. 

These methods have already been successfully applied to 
patients undergoing open-heart surgery’ and may also assist in 
the surgical reconstruction of the aortic arch. In the future, 
when the homograft reaction has been solved, they may prove 
of value in transplantation of major organs. 
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Work on the effects of artificially induced hypothermia on the 
circulation presents considerable difficulties, in that many 
factors which contribute to regulate the cardiovascular system 
are independently altered by changing temperatures. An 
observation on the result of body-cooling on any aspect of the 
circulation may present insuperable problems in analysis 
unless all the known mechanisms, which together play a part 
in the governing of that aspect, are simultaneously recorded. 
One can regard the behaviour of a part of the circulation, 
whether it be the cardiac output or the muscle blood flow, as 
the algebraic sum of a considerable number of known factors 
and probably of more which have yet to be discovered. The 
design of a fully controlled experiment in the classical sense, 
in which one or a few components of the system are varied in 
an otherwise static system, is unlikely to be achieved in work on 
hypothermia. A comparison of various authors’ work on the 
same aspect of the circulation, under conditions of body- 
cooling, is further bedevilled by the use of a wide variety of 
anaesthetic, narcotic, analgesic, muscle-relaxant and other 
agents. A perusal of the literature on this subject has been a 
salutary lesson to the author of this paper on the need for really 
careful planning of experiments on hypothermia, and for much 
more extensive reports of the experimental details than is 
usually the case. A plea must be made for some degree of 
uniformity in such matters as anaesthetics, drugs, and the 
degree of artificial ventilation. Even control of the environ- 
mental conditions of the animal in the days preceding the 
experiment may be of importance. For example, Covino & 
Beavers (1957a) demonstrated that the incidence of ventricular 
fibrillation, in dogs during hypothermia, was lower in animals 
which had been kept at sub-zero environmental temperatures 
for 1-4 weeks before the experiment than in control dogs kept 
under standard laboratory conditions. 

Ideally, the temperature of the organ being studied should 
be measured directly. This, however, may introduce com- 
plications as, for example, the presence of a thermo-couple in 
the heart which may, by mechanical stimulation of the endo- 
cardium, lead to the onset of ventricular fibrillation. There is 
ample evidence in the literature for the existence of divergencies 
of temperature between various parts of the body under many 
conditions of cooling; and that any assumption of uniformity 
between body-sites should be tested experimentally to estab- 


lish their validity (Cooper & Kenyon, 1957; Cohn & Rosomoff, 
1958). It is not possible to include all the experimental details 
of work cited in this review, but the reader is advised to consult 
the original papers in order to get a fair comparison between 
the various authors. 


1. General Circulatory Considerations 


Heart rate falls with diminishing deep body-temperature 
(Hook & Stormont, 1941; Prec, Rosenman, Braun, Rodbard 
& Katz, 1949; Sabiston, Theilen & Gregg, 1955). In the dog, 
the rate is approximately halved at 25° C. (D’Amato, Kronheim 
& Covino, 1960). The slowing appears to be a consequence 
of cooling on the pace-maker (Prec et al. 1949); and the events 
of the cardiac cycle in the cooled heart are of interest. The 
time occupied by systole is prolonged and the period occupied 
by isometric relaxation is also greatly increased (Hegnauer, 
Shriber & Haterius, 195U). The time occupied by complete 
ventricular inactivity is therefore relatively little increased. 
This effect is in sharp contrast to the increase in the rest period 
of the heart caused by vagal stimulation at normal tempera- 
tures, with the heart beating at the same rate as during the 
events described during hypothermia. The decline in heart 
rate in the dog is a linear function of temperature (Hook & 
Stormont, 1941). 

Systemic arterial pressure falls during cooling, and the rate 
of fall for each °C. is accelerated below about 24°C. (Hegnauer 
et al..1950). The total peripheral resistance is reported as 
increasing, in several species, during uncomplicated hypo- 
thermia (Sabiston et al. 1955; Bullard, 1959). In the rat, the 
increase in peripheral resistance may reflect an elevated blood 
viscosity, due in turn to a degree of haemoconcentration 
(Bullard, 1959). The venous pressure falls as the body- 
temperature is lowered in the anaesthetized animal (Rosomoff 
& Gilbert, 1955; Markiewicz & Ziemlanski, 1958). Contrary 
reports appear from time to time in the literature, but it is 
difficult to be sure that in these instances shivering was sup- 
pressed. It would be interesting to know what changes occur 
in the capacity of the circulation on the venous side, but there 
appears to be no evidence available, as yet, on this matter. 

Changes occur in the circulating blood volume and in the 
haematocrit value during body-cooling. Again, the picture 
depends on the depth of anaesthesia, the presence or absence of 
shivering, and the degree of body-cooling. When shivering 
occurs, in moderate hypothermia, there is movement of water 
out of the circulation, and both the interstitial and intracellular 
compartments gain water (Horvath & Spurr, 1956). The 
circulatory blood volume decreases in the anaesthetized 
animal (Rodbard, Saiki, Malin & Young, 1951), and to some 
extent this change could be due to sequestration of blood in 
areas of low blood flow. Swan, Zeavin, Holmes & Mont- 
gomery (1953) reported an increase in haematocrit values with 
only slight change in plasma volume, and they suggested that 
there had been an addition of red cells to the circulation from 
the spleen. An increased haematocrit value was observed 
(Ross, 1954) in the cooled dog which had, on the other hand, 
previously had asplenectomy. Fedor & Fisher (1959) measured 
the red-cell volume and the plasma volume, using "Cr and 
T-1824, in dogs lightly anaesthetized with ether, at rectal 
temperatures of 23-24° C. The red-cell volume remained 
unchanged and the plasma volume decreased during this 
experiment. There is, in man, a tendency for the kidney to 
secrete a considerable volume of dilute urine during hypo- 
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thermia (Wynn, 1960) and this, in the absence of fluid replace- 
ment, may lead to some increase in the haematocrit value. 


2. Cardiac Output 


The work output per minute of the dog’s heart is reduced 
when the body is cooled, if shivering is abolished (Hegnauer & 
D’Amato, 1954). Once below the critical temperature, when 
the body’s efforts to maintain its temperature are weak and 
ineffectual, cardiac output decreases further. This reduction 
in minute volume is related to the slowing of the heart. The 
stroke volume at a given temperature depends on the depth of 
anaesthesia, since this determines the metabolic rate of the 
whole body. This was demonstrated in dogs by Brendel (1957), 
who found that, under light anaesthesia, the stroke volume of 
the heart increased between 30° C. and 20° C., whereas under 
deep narcosis the stroke volume fell. The direction and 
magnitude of these changes were related to the animal’s oxygen 
uptake. 


3. Coronary Blood Flow 


The blood flow in the dog’s circumflex coronary artery was 
measured by Sabiston et al. (1955), during hypothermia 
induced by blood-stream cooling. It fell as the body-tempera- 
ture was lowered, but the percentage change in coronary flow 
was less than the percentage fall in cardiac output. In other 
words, at low body-temperatures, a greater fraction of the 
cardiac output was passing through the coronary circulation. 
Berne (1954) showed that the dog’s coronary blood flow 
declined abruptly down to about 33° C., and thereafter the 
rate of fall of flow with temperature was more gradual. The 
curve relating coronary flow to perfusion (subclavian artery) 
pressure was non-linear and at 19° C. the coronary flow was 
about one-quarter of the control level. Gerola, Feinberg & 
Katz (1959) used open-chest dogs anaesthetized with pento- 
barbital to study the coronary flow and myocardial oxygen 
extraction under hypothermic conditions. They were, more- 
over, able to alter the peripheral resistance by partially occlud- 
ing the thoracic aorta, and they kept the cardiac output constant 
with an input pump. They did not obtain any consistent change 
in the absolute values of coronary flow during hypothermia, 
but there was a decreased myocardial oxygen consumption. 
Also, an increase in the aortic pressure, obtained by aortic 
constriction, led to a rise in heart oxygen uptake in the cooled 
dog, as it did in the normothermic animal. In the steady-state 
phase of hypothermia, the coronary atrio-ventricular (A-V) O, 
difference remained fairly constant as the cardiac effort (heart 
rate x mean blood pressure) and myocardial oxygen need 
varied; this suggested that the coronary flow was the means of 
responding to the changing oxygen requirement. There are a 
number of other references in the literature to the coronary 
flow: for example Jude, Haroutunian & Folse (1957) found 
that at 20° C. the dog’s coronary flow was reduced to a fifth 
of normal, myocardial O, uptake to a quarter, coronary 
A-V O, difference to four-fifths, and coronary vascular resist- 
ance was nearly double normal. This latter view conflicts with 
that of Gerola et al. (1959) who thought that the coronary 
vascular resistance fell with hypothermia. The consensus of 
opinion is that the oxygen extraction by the myocardium 
remains adequate in hypothermia, as demonstrated by Penrod 
(1951). 

As expected, there are differences in the pattern of coronary 
flow during the cardiac cycle, since the proportions of the cycle 
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occupied by systole and isometric relaxation vary between the _ 


warm and cold hearts, and with the different rates. Berne 
(1956) reports that 66% of the coronary inflow occurs, in 
hypothermia, in the phase of isometric relaxation, despite a 
falling perfusion pressure and a period of extravascular com- 
pression. 

The work done by the heart per minute decreases, but the 
work per beat is reduced by a much smaller amount (Hegnauer 
& D’Amato, 1954). The capacity of the ventricle to perform 
work per stroke in response to a unit increment of filling 
pressure is similar in the hypothermic heart to that at normal 
temperatures; and there is evidence of an increased efficiency 
of the heart which may be related to the lowered heart rate 
(McMillan, Case, Stainsby & Welch, 1957). 


4. Regional Blood-Flow Changes 


Bigelow, Lindsay & Greenwood (1950) watched the pattern 
of blood flow in the dog’s conjunctiva during general body- 
cooling. They observed, at the lower temperatures, that there 
was vascular stasis, and that the flow in some arterioles and 
venules stopped completely. Lynch & Adolph (1957) similarly 
observed the minute blood vessels of the rat mesocaecum and 
of the hamster cheek-pouch during both whole-body cooling 
and local cooling. The blood flow ceased in about half the 
vessels in the rat at 20° C., and in the hamster at between 
5° C. and 10° C. There was no change in calibre of the 
arterioles, capillaries or venules. If these changes could be 
regarded as typical of vascular beds as a whole, then it could 
be concluded that the slowing of flow observed was in part a 
function of the increasing blood viscosity, and that the calibre 
of the vessels would not play a part in upholding the arterial 
pressure. The total peripheral resistance in dogs was said by 
Jude et al. (1957) to be trebled at 20° C., though widely varying 
figures are found in the literature of this subject. Cooper (1959) 
(reporting work done with Kenyon) found that, under the 
conditions of surgical hypothermia in man, the peripheral 
resistance in the calf remained steady or increased slightly. 
These workers confirmed an observation by Covino & Beavers 
(1957b) that the femoral vascular bed in dogs dilated, during 
body-cooling, down to an oesophageal temperature of 34° C. 
The femoral vascular bed then constricted, but a further 
vasodilatation occurred at deep temperatures of 28-25° C. 
Covino & Beavers (1957b) found that the initial dilatation 
was prevented by atropine, or by unilateral lumbar sym- 
pathectomy with bilateral adrenalectomy. From the low 
A-V O, differences they inferred an opening of arteriovenous 
anastomoses. The second dilatation at 28-25° C. was un- 
affected by nervous or metabolic factors; it seems similar to 
that described by Pappenheimer, Eversole & Soto-Rivera 
(1948) in the cat hind limb, which appeared to be due to the 
direct effect of cooling on blood vessels. 

The volume flow of blood through the brain in the dog is 
reduced in hypothermia by 6-7% for each °C. drop in brain 
temperature (Rosomoff & Holaday, 1954). This flow reduc- 
tion per unit decrement in temperature was less than the reduc- 
tion in mean arterial pressure, and consequently the cerebral 
vascular resistance must have increased. At 25° C., a 2-3-fold 
rise in cerebral vascular resistance occurred. Furthermore, in 
the face of a fluctuating perfusing pressure, there was evidence 
of an active mechanism tending to stabilize the blood flow. 
This mechanism, it was suggested, could be linked with either 
the pO, or the pCO, , and there is evidence that in hypothermia 
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the cerebral vessels can be dilated following a rise in pCO, in 
the alveolar air (Kleinerman, 1956). Cerebral blood flow in 
man was found, during body-cooling, to fall, and cerebral 
vascular resistance to increase (Stone, Donnelly & Frobese, 
1956). 

The pulmonary vascular resistance in dogs was said by Jude 
et al. (1957) to increase threefold when the body-temperature 
fell to 20° C. In other experiments, the pulmonary circulation 
has been studied in dogs, in a preparation which enabled the 
systemic and pulmonary circuits to be perfused separately 
(Galletti, Salisbury & Rieben, 1958). Abrupt or slow changes 
were induced in the temperature of the blood perfusing the 
lungs. Care was taken to control the blood gas tensions and 
the blood pH, and also such factors as the haematocrit value, 
and the intrapulmonary pressures. These experiments provided 
evidence that pulmonary vascular resistance was raised during 
perfusion with blood at reduced temperatures, 30° C., 24° C. 
and 15-18° C. This increase of resistance could not be explain- 
ed by viscosity factors or by the increased solubility of CO,, 
or to bronchomotor changes, and it was felt that an active 
vasoconstrictor mechanism was operating in response to 
cooling. Cooling the systemic circulation, when the blood 
flowing through the lungs was kept warm, did not cause 
significant pulmonary vasomotor effects. Sarnoff & Berglund 
(1952) found no change in the distensibility of the lung vascular 
bed when it was perfused with blood at warm and cool tem- 
peratures. The lung preparation used was not, however, 
considered to be living. 

The effective renal plasma flow falls with decreasing body- 
temperature (Page, 1955; Moyer, Morris & De Bakey, 1956; 
Blatteis & Horvath, 1958). Again, the figures of Moyer et al. 
(1956), obtained with a temperature of 26-27° C. when the 
mean arterial pressure was reduced by 25%, and the renal 
blood flow by 72%, suggest that a degree of vasoconstriction 
occurred in the kidneys. There is evidence also for a reduction 
in splanchnic blood flow to 22% of the control value at a body- 
temperature of 23° C. (Hallett, 1954). 

There is evidence that reflex-regulating mechanisms such as 
that of the carotid sinus (Brendel, Albers & Usinger, 1958) and 
the circulatory responses to adrenaline (Brendel, 1957) persist 
in the dog down to temperatures of the order of 20° C. Such 
responses will, however, be modified according to the anaes- 
thetic used. 

Peripheral circulatory collapse may occur during or after 
re-warming from hypothermia, and frequently it is associated 
with intravenous therapy, particularly of excess citrate in 
transfused blood (Wynn, 1960). In dogs it would appear to 
be related to the duration of hypothermia (Fedor, Fisher & 
Lee, 1958) and to the slowness of the re-warming process 
(D’Amato et al. 1960). 


5. Cardiac Arrhythmias in Hypothermia 


At low body-temperatures, changes occur in the electro- 
cardiogram. The duration of the QRS complex, generally 
accepted as a measure of the intraventricular conduction time, 
increases, and the P-R interval is prolonged. There is fre- 
quently an elevation of the S-T segment and there may be an 
upward deflexion stemming from the S wave. This new wave, 
frequently called the ‘“‘Osborn wave”, was said by Osborn 
(1953) to herald the onset of ventricular fibrillation. The exact 
significance of the wave is still open to discussion. Such an 
elevated S-T segment has been observed at normal and reduced 
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body-temperatures after the blood-calcium level was raised 
(Hegnauer & Covino, 1956), and at normal temperature on 
breathing high concentrations of CO, (Altschule & Sulzbach, 
1947). Cooled animals die either with ventricular fibrillation 
or in asystole. Brendel (1957) found that, under light anaes- 
thesia with a raised stroke volume, the dogs died of ventricular 
fibrillation, and under deep anaesthesia with a low stroke 
volume they died in asystole. Hegnauer & Covino (1956) 
found that they could measure the diastolic threshold to 
electrical stimulation, and that dogs under pentobarbital 
anaesthesia with low diastolic thresholds (at 26° C.) died of 
ventricular fibrillation, whereas those with high thresholds 
(at 26° C.) died in asystole. The diastolic threshold, they 
suggest, may reflect some aspect of a myocardial change which 
predisposes to ventricular fibrillation. In studies in which 
dogs’ heart rates were artificially controlled by either atrial or 
ventricular driving, Torres, Angelakos & Hegnauer (1958) 
were convinced that neither abnormal sino-atrial nodal 
rhythms nor A-V conduction abnormalities were contributing 
to the onset of fibrillation, for both groups of dogs succumbed 
to ventricular fibrillation at exactly the same temperature as 
did animals with spontaneous heart actions. 

A number of factors which predispose to ventricular fibrilla- 
tion have been described, as have various manoeuvres which 
may delay or prevent its occurrence. First, the type of anaes- 
thetic plays a part, and, of the barbiturates, thiopentone is less 
likely to predispose to fibrillation than pentobarbitone 
(Covino, Charleson & D’Amato, 1954). The ventricular 
refractory period is prolonged in hypothermia, and the rate of 
recovery of diastolic excitability and the response latency of the 
ventricle are greatly prolonged (Angelakos, Laforet & 
Hegnauer, 1957), and these factors may play a part in initiating 
ventricular fibrillation. It seems likely, both from the results 
of studies on dog heart-lung preparations (Badeer, 1955), and 
from a knowledge that the oxygen extraction from the coronary 
blood is adequate (see section 3), that hypoxia is not a major 
cause of ventricular fibrillation. 

Ionic exchanges in the heart, particularly of K*, Ca++ and 
H+, seem to be of importance in the initiation of arrhythmias, 
particularly if their concentration alters abruptly, and the 
same holds true for the arterial pCO, (Osborn, 1953; Swan 
et al. 1953; Covino & Hegnauer, 1955; McMillan, Melrose, 
Churchill-Davidson & Lynn, 1955). 

Beavers (1959) found that dogs cooled to death had a 91% 
incidence of ventricular fibrillation. Animals given intravenous 
25% glucose or 50% sucrose during cooling died in asystole, 
and they did not fibrillate. This may be owing to elevation of 
the plasma K* levels towards normal by the glucose, a reduction 
in plasma calcium, prevention of intracellular hydration of the 
myocardium or a combination of two or more such factors. 

Again, Shumacker, Siderys, Riberi, Boone & Kajikuri 
(1956) reported prophylactic success against ventricular fibril- 
lation by sino-atrial blockade with procaine and by either 
cardiac sympathectomy or sympathetic ganglionic blockade 
caused by trimetaphan camphorsulphonate (Arfonad). On 
the other hand, Covino et al. (1954) found no protective 
value in adrenergic blockade. 

Much, then, is known of factors which predispose to cardiac 
arrhythmias, although there are many points on which the 
evidence is conflicting, but a single immediate cause of the 
ventricle’s ceasing to beat as an integrated whole (if it exists) 
has yet to be determined in hypothermia. 

This whole field of work is prone to a danger expressed by 
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one of the earliest authors on immersion hypothermia, Currie 
(1798), when he wrote: 


The great difficulty which men have in all ages experienced in 
the acquisition of knowledge, has arisen from the promptitude of 
the human mind to decide in regard to causes ... The most 
eminent physicians in every period of the world, impatient of 


REFERENCES 


ie M. D. & Suizbach, W. M. (1947) Amer. Heart J. 33, 


Angelakos, E. T., Laforet, E. G. & Hegnauer, A. H. (1957) Amer, 
J. Physiol. 189, 591 

Badeer, H. (1955) Amer. J. Physiol. 183, 119 

Beavers, W. R. (1959) Amer. J. Physiol. 196, 709 

Berne, R. M. (1954) Circulat. Res. 2, 236 

Berne, R. M. (1956) In: Dripps, R. D., ed. The physiology of 
induced hypothermia. Publication No. 451, p. 165. National 
Academy of Sciences—National Research Council, Washington 

Bigelow, W. G., Lindsay, W. K. & Greenwood, W. F. (1950) 
Ann. Surg. 132, 849 

Blatteis, C. M. & Horvath, S. M. (1958) Amer. J. Physiol. 192, 357 

Brendel, W. (1957) Verh. dtsch. Ges. Kreislaufforsch. 23, 33 

Brendel, W., Albers, C. & Usinger, W. (1958) Pfliig. Arch. ges. 
Phy ssiol. 266, 357 

Bullard, R. W. (1959) Amer. J. Physiol. 196, 415 

4 R. & Rosomoff, H. L. (1958) A.M.A. Arch. Neurol. 

Psychiat. 80, 554 

Cooper, K. E. (1959) Ned. Tijdschr. Geneesk. 103, 248 

Cooper, K. E. & Kenyon, J. R. (1957) Brit. J. Surg. 44, 616 

Covino, B. G. & Beavers, W. R. (1957a) Amer. J. Physiol. 191, 153 

Covino, B. G. & Beavers, W. R. (1957b) J. appl. Physiol. 10, 146 

Covino, B. G., Charleson, D. A. & D’Amato, H. E. (1954) Amer. 
J. Physiol. 178, 148 

Covino, B. G. & Hegnauer, A. H. (1955) Amer. J. Physiol. 181, 553 

Currie, J. (1798) Medical reports, on the effects of water, cold and 
warm, as a remedy in fever and febrile diseases, 2nd ed., p. 151. 
Cadell & Davies, London 

D’Amato, H. E., Kronheim, S. & Covino, B. G. (1960) Amer. J. 
Physiol. 198, 333 

Fedor, E. J. & Fisher, B. (1959) Amer. J. Physiol. 196, 703 

Fedor, E. J., Fisher, B. & .% S. H. (1958) Ann. Surg. 147, 515 

hk PM., , Salisbury, P & Rieben, A. (1958) Circulat. 

es 
Gerola, 4. Feinberg, H. & Katz, L. N. (1959) Amer. J. Physiol. 


196, 

Hallett, E. B. (1954) Surg. Forum, 5, 362 

Hegnauer, A. H. & Covino, B. G. (1956) In: Dripps, R. D., ed. 
The physiology of induced hypothermia. Publication No. 451, 
p. 327. National Academy of Sciences—National Research 
Council, Washington 

Hegnauer, A. H. & D’Amato, H. E. (1954) Amer. J. Physiol. 178, 
1 

Hegnauer, A. H., Shriber, W. J. & Haterius, H. O. (1950) Amer. 
J. Physiol. 161, 455 


Vol. 17 No. 1 


51 


observing and delineating, have been eager to explain and even 
to systematize; and the science of life owes its corruptions more 
to the misapplication of learning, than even to the dreams of 
superstition. 
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The value of the clinical use of hypothermia lies in the re- 
duction in oxygen requirement of living tissues as their tem- 
perature falls (Benedict & Lee, 1938; Smith & Fay, 1940). 
The extent of this reduction in requirement at any given tem- 
perature and the further associated changes in metabolism 
have occasioned considerable interest, and much remains to 
be settled. Many factors create difficulty in the correlation 
of experimental and clinical findings. Important variables 
are the activity of the organism’s defence mechanism against 
cold, temperature gradients between different areas of the 
body, and the varying methods of inducing hypothermia. 


1. Oxygen Consumption in Relation to Requirement 


Oxygen consumption was thought to fall with body-tem- 
perature in a linear fashion (Bigelow, Lindsay, Harrison, 
Gordon & Greenwood, 1950; Deterling, Nelson, Bhonslay 
& Howland, 1955). However, more recent evidence suggests 
an exponential fall (Horvath, Hutt, Spurr & Stevens, 1953; 
Spurr, Hutt & Horvath, 1954) in accordance with van’t 
Hoff’s law on the effects of temperature on the equilibrium 
constant for dilute chemical solutions (van’t Hoff, 1884). 

Approximately 50% reduction in oxygen consumption has 
been noted at 28° C. ‘and 87% at 18° C. (Bigelow et al. 1950), 
but information is scanty for lower temperatures. Exact in- 
formation, based on arteriovenous (A-V) oxygen differences, 
is most likely to become available under the more controllable 
circumstances of hypothermia by extra-corporeal circulation 
and intra-arterial perfusion. Under such conditions, a rise of 
venous oxygen saturation to 85% has been demonstrated 
clinically, at 8° C. (Drew, Keen & Benesen, 1959). 


a. Arteriovenous Oxygen Differences 


Studies based on A-V oxygen differences indicate consump- 
tion but not necessarily requirement. 


During hypothermia, 
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oxygen may be less available to the tissues, regardless of their 
requirement. This could arise from vasoconstriction, falls in 
cardiac output, fluid compartment adjustments, shifts in the 
oxygen dissociation curve and, possibly, cell enzyme disturb- 
ances. These factors, varying to different extents from one 
case or experiment to the next, also render difficult the col- 
lection of comparable data. However, any discrepancy 
between consumption and requirement, with resulting oxygen 
debt, should show itself in one or more ways: 


i. By an increase in oxygen consumption, on re-warming, 
at a rate greater than that on cooling. In one series 
(Bigelow et al. 1950), no difference was noted between 
re-warming and cooling, with respect to rates of change 
of oxygen consumption. 

ii. By an increase in plasma-fixed acids, particularly on re- 
warming. Thus an increase in the lactate : pyruvate 
ratio would suggest the presence of anaerobic glycoly- 
sis. Opinions differ as to whether this occurs, but it is 
probable that hypothermia without complicating 
features does not cause a rise in fixed acids (Henneman, 
Bunker & Brewster, 1958). Other causes of increase in 
lactates, such as respiratory alkalosis, may have produced 
the increase in acid metabolites found by other in- 
vestigators. 
By the occurrence of permanent damage secondary to 
hypoxia, following circulatory occlusion for periods 
based on calculations derived from consumption figures. 
Although one author (Knocker, 1955) found histolog- 
ical evidence of hypoxic damage in certain vital organs 
following hypothermia, it is possible that this may have 
been related to the technique used. As is well known, 
many hundreds of patients have survived such pro- 
cedures without any evidence of permanent damage. 


iii. 


b. Muscle Activity 


Increased muscle tone is a normal physiological response 
to mild hypothermia and greatly increases the oxygen con- 
sumption, which may rise precipitously if shivering occurs. 
This probably accounts for some of the early reports of in- 
creased oxygen consumption with cooling (Dill & Forbes, 
1941). Muscle activity is abolished in deep hypothermia and 
by anaesthesia. The muscular effort associated with spon- 
taneous hyperventilation, in response to the stimulus of cold, 
may also account, in mild hypothermia, for a small rise in 
oxygen consumption. 


c. Oxygen Carriage 

The extent of the shift to the left of the oxygen dissociation 
curve, during cooling, depends upon changes in temperature 
and pH (Brown & Hill, 1923; Dill & Forbes, 1941). A nomo- 
gram has been constructed to show the effect of these factors 
on the dissociation curve (Severinghaus, 1958, 1959). As the 
patient cools, oxyhaemoglobin dissociates less readily and the 
curve moves to the left. Simultaneously, the oxygen require- 
ment falls and more oxygen is dissolved in the plasma, at any 
given tension. At a pO, of 100 mm. Hg, there is a 20% in- 
crease in dissolved oxygen at 30° C. and a 59% increase at 
20° C. This effect may be exaggerated by using a technique 
giving higher oxygen tensions, when the shift of the disso- 
ciation curve will be offset by the increase in dissolved oxygen. 

The shift of the dissociation curve may be lessened by ad- 
ministering CO, (Bigelow et al. 1950; Niazi & Lewis, 1955), 
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although the advisability of this is held in doubt (Swan, 
Zeavin, Holmes & Montgomery, 1953; Waddell, Fairley & 
Bigelow, 1957). 


2. Oxygen Requirements of Individual Organs 


The tissues of the body vary in sensitivity to hypoxia ac- 
cording to their oxygen requirement. Thus, cerebral cortex 
and cardiac conduction tissue are especially sensitive to 
oxygen lack. As hypothermia is induced, temperature gra- 
dients are established throughout the body according to blood 
flow and methods of cooling (Cranston, Gerbrandy & Snell, 
1954; Gollan, Tysinger, Grace, Kory & Meneely, 1955; 
Cooper & Kenyon, 1957; Peirce, Dabbs, Rogers, Rawson & 
Tompkins, 1958). As the oxygen requirement varies in 
different organs and the latter may beat different temperatures, 
any one temperature measurement, or over-all figures based 
on A-V oxygen differences, will be of limited significance. 
To some extent, blood flow and oxygen requirement are 
parallel, so that the most vital organs receive the highest 
blood flow (Peirce et al. 1958). There are instances where 
organs receive greater flows than their oxygen requirement 
demands: in particular, the kidney, which normally receives 
25% of the cardiac output, in order to perform its function 
as a filter, and therefore cools disproportionately quickly— 
particularly with extra-corporeal intra-arterial cooling. The 
same would apply in chronic cyanotic states, in which the 
bronchial arteries may drain an excessive quantity of blood. 


a. Cerebral Oxygen Consumption 


As cooling proceeds, cerebral oxygen consumption and 
blood flow fall at approximately the same rate. The cerebral 
A-V oxygen difference remains constant, indicating a lack of 
oxygen debt. The rate of fall of oxygen consumption is prob- 
ably linear (Rosomoff & Holaday, 1954), provided that 
shivering is prevented, as this causes a marked increase in 
cerebral oxygen consumption (Stone, Donnelly & Frobese, 
1956). Studies of oxygen consumption on cerebral tissue 
slices (Field, Fuhrman & Martin, 1944) suggest an exponential 
fall with cooling, comparable to whole-body findings (Spurr 
et al. 1954). 

As in the body as a whole, cerebral glucose consumption is 
reduced to a greater extent than the oxygen consumption, with 
a consequent fall in the respiratory quotient (Adams, Elliot, 
Sutherland, Wylie & Dunbar, 1957). 

Variables such as changes in cardiac output and arterial 
carbon-dioxide tension, both of which affect cerebral blood 
flow, render it inadvisable to occlude the human cerebral 
circulation for periods as long as those suggested experiment- 
ally. However, eight minutes’ occlusion at 30° C. appears 
quite safe and, more recently, occlusions of forty-five minutes 
at 15° C. have been accomplished satisfactorily (Drew et al. 
1959). 


b. Cardiac Oxygen Consumption 

The metabolic requirements of the heart vary with the work 
of the myocardium and therefore depend on such factors as 
rate, rhythm, pathology, stroke volume and muscular effi- 
ciency. Heart rate gradually slows as temperature falls, un- 
less shivering is permitted or an arrhythmia develops. The 
limiting factor in clinical hypothermia has largely been the 
occurrence of ventricular fibrillation at temperatures below 
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29° C. The suggestion that myocardial oxygen debt was 
commonly incurred in cooling and that this caused the in- 
creased myocardial irritability has been repudiated. Lack of 
oxygen debt is shown by the fact that the coronary A-V oxygen 
difference remains constant as temperature falls to 20° C., 
and there is no decrease in this difference when ventilating 
with 100% oxygen (Penrod, 1951). 

Using controlled perfusion techniques, a direct relationship 
has been shown between temperature, heart rate, coronary 
flow and myocardial oxygen consumption (Gollan, 1959). At 
a constant temperature, coronary flow varies directly with 
perfusion pressure and inversely with arterial oxygen tension. 
Thus, provided that arterial blood pressure is maintained, 
coronary flow will probably be adequate at any given tem- 
perature, and myocardial oxygenation be satisfactory (Heg- 
nauer & D’Amato, 1954). 

The effects of temperature on myocardial efficiency and 
oxygen consumption have been reviewed recently (Berne, 
1959). Heart-lung preparation experiments, applying a con- 
stant work load, demonstrate an increase in myocardial effi- 
ciency and a fall in oxygen consumption, as temperature falls 
(Evans, 1917; Badeer, 1956; Reissmann & Van Citters, 1956). 
Workers differ in their findings in the intact dog, and doubt 
exists as to whether myocardial efficiency is increased (Mc- 
Millan, Case, Stainsby & Welch, 1957) or decreased (Edwards, 
Tuluy, Reber, Siegel & Bing, 1954). It is suggested that this 
difference of opinion depends upon work load—low loads 
providing misleading figures suggestive of loss of efficiency 
(Reissmann & Van Citters, 1956). The increase in efficiency 
has been related to the lower oxygen requirement and not 
to the slowing in heart rate, which occurs in hypothermia 
(Reissmann & Van Citters, 1956; Badeer & Khachadurian, 
1958). 

Myocardial oxygen consumption is greatly reduced in 
cardiac stand-still, this being the basis of various techniques 
used in open-heart surgery. The duration of safety of this 
manoeuvre is increased by hypothermia (Berglund, Monroe 
& Schreiner, 1957; McKeever, Canney & Gregg, 1957; 
Sealy, Brown, Young, Stephen, Harris & Merritt, 1957; 
Beuren, Sparks & Bing, 1958). 


c. Liver Metabolism and Hypothermia 


Studies on hypothermic liver are few, considering the 
functional complexities of the organ. Cooling depresses he- 
patic function in the following ways: bile secretion is depressed 
(Brauer, Leong & Holloway, 1954), glucose utilization lowered 
(Wynn, 1956), glycogen stores depleted (Fuhrman & Crismon, 
1947), galactose tolerance lessened (Brewin, Nashat & Neil, 
1956) and drug detoxification markedly slowed (Rink, Gray, 
Rueckert & Slocum, 1956). Reduced oxygen consumption 
has been demonstrated in hypothermic isolated perfused liver 
(Rink et al. 1956), and these findings are confirmed clinically 
by the protective effect of hypothermia against hepatic 
vascular occlusion (Bernhard, Cahill & Curtis, 1957). 


d. Renal Metabolism and Hypothermia 
Studies of oxygen consumption in the hypothermic kidney 
are lacking, but increased tolerance to hypoxia, with hypo- 
thermia, has been demonstrated (Harsing, Jellinek, Kévér, 
Laszlo, Veghelyi & Fonyody, 1956; Kovacs, Persky, Stueber 
& Koletsky, 1959). Tubular function is depressed as the 
temperature is lowered (Andersen & Nielsen, 1955). 
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3. CO, and Acid-Base Balance in Hypothermia 


Variations in CO, and other acid-base balance parameters 
are of great interest in hypothermia but, with regard to ac- 
curacy, present one of the more difficult aspects. The following 
variables must be considered: (i) changes within the Hender- 
son-Hasselbalch equation; (ii) variable alveolar ventilation; 
and (iii) production of abnormal quantities of acid metabolites. 


a. Changes within the Henderson-Hasselbalch Equation 
The Henderson-Hasselbalch equation, 


B.HCO, 
pH = pK + log HCO,’ 
relates the ratio between bicarbonate ions and carbonic acid 
to the pH of serum, by means of a constant, pK. The latter 
is 6.10 at normal body-temperature. A relationship between 
total CO, content, pCO, and pH may be derived from this 
equation; this is dependent upon another constant (a), which 
varies with temperature. Thus, 


[total CO,],— a.pCO, 
a. pCO, 


(Davenport, 1958). The pK of the Henderson-Hasselbalch 
equation also varies with temperature, and various sets of 
values have been reported (Cullen, Keeler & Robinson, 1925; 
Hastings, Sendroy & Van Slyke, 1928; Robinson, Price & 
Cullen, 1934; Dill, Daly & Forbes, 1937). Severinghaus has 
reviewed this material (Severinghaus, 1959) and has con- 
structed, from separate data (Severinghaus, Stupfel & Bradley, 
1956), a nomogram for the calculation of human serum pK 
at various temperature and pH values, from which it is found 
that pK rises 0.005 for each degree of fall in temperature. The 
PH rises linearly as temperature falls, the factor differing in 
whole blood and plasma (Rosenthal, 1948), and CO, becomes 
increasingly soluble (Rosenhain & Penrod, 1951). 

These variations with change in temperature suggest that 
the equations relating CO, content, pCO, and pH are invalid 
at temperatures other than normal. As temperature falls, the 
increase in dissolved CO,, usually producing a respiratory 
acidosis, is more than offset by the rising pK. Thus, pH values 
from a hypothermic patient should either be determined at 
normal body-temperatures (Astrup, 1956) or at a known 
lower temperature, using a conversion factor (Rosenthal, 
1948; Graig, Lange, Oberman & Carson, 1952). The diffi- 
culty inherent in the use of the conversion factor lies in the 
inaccuracy of any one body-temperature measurement. 


pH = pK + log 


b. Variable Alveolar Ventilation 
During hypothermia, dead space enlarges (Severinghaus 
& Stupfel, 1955), CO, production falls—although not as much 
as the oxygen consumption (Bickford & Mottram, 1958)—and 
there is an increase in the dissolved CO,. Consequently, 
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“normal” alveolar ventilation becomes difficult to define 
(Severinghaus, 1959). Variations from the normal will occur 
with anaesthetic technique. Using muscle relaxants and con- 
trolled respiration, as in cardiovascular surgery, pH will tend 
to rise owing to respiratory alkalosis (Fairley, Waddell & 
Bigelow, 1957; Waddell et al. 1957). Where spontaneous 
respiration is permitted, initial hyperventilation stimulated 
by cold and not depressed by deep anaesthesia may produce 
respiratory alkalosis, unless gross shivering prevents adequate 
respiratory excursions. As hypothermia progresses, respira- 
tory acidosis results unless respiration is assisted (Fleming, 
1954; Brewin et al. 1956). 


c. Increased Production of Fixed Acids 

Increased production of fixed acids appears to be an almost 
inevitable accompaniment of clinical hypothermia (Brewin 
et al. 1956; Fairley et al. 1957). Although this increase 
may be avoidable under ideal circumstances (Henneman 
et al. 1958), an increase in lactates is seen commonly and 
will be accentuated by shivering, anaerobic glycolysis secon- 
dary to vasoconstriction, hypovolaemia (Wiggers, 1950; 
Bland, 1956) or venous inflow occlusion (Brewin et al. 1956). 
The high lactate content of stored blood, and the acid-citrate 
radicals commonly used with it, may contribute to the acidosis 
when transfusion is necessary (Brewin & Neil, 1954; Waddell 
et al. 1957; Yendt, 1957). 

Clinically, the pH of the patient’s blood will be the resultant 
of the metabolic and respiratory patterns. While metabolic 
acidosis can be minimized by the prevention of the above 
complications, minimal degrees of such acidosis can be com- 
pensated for by hyperventilation. More major degrees of 
metabolic acidosis will require the intravenous administration 
of sodium bicarbonate and the elimination of the causative fac- 
tors. Bicarbonate will be indicated only where approximately 
10 m-equiv./l. extra fixed acid are detected, as determined 
from the pH-bicarbonate diagram (Davenport, 1958), or in 
the presence of severe respiratory disability. Lesser degrees 
of accumulation of fixed acids are observed commonly in the 
re-warming period, the situation being self-correcting— 
possibly with temporary respiratory assistance (Fairley, 1960, 
unpublished data). 


4. Effects of Circulatory Occlusion 


Hypothermic patients are protected from the effects of 
circulatory occlusion, to an extent dependent upon the depth 
of the hypothermia. During clinical hypothermia, the revers- 
ible effects of mild hypoxia are observed following occlusion. 
Thus, during short occlusions at approximately 30° C., one 
sees the very rapid development of an isoelectric electroence- 
phalogram (Pearcy & Virtue, 1959), accompanied by gross 
pupillary dilatation. There is an increase in fixed acids (Brewin 
et al. 1956) and catecholamines (Conn & Millar, 1960), fol- 
lowing the return of the circulation. 
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During the last fifteen years there has been a great deal of 
interest in hypothermia. Its use in surgery has stimulated 
study. The current interest in the two polar areas has supplied 
an incentive for the investigation of man’s reaction to a cold 
environment. The low-temperature biological field has be- 
come so large that one must approach a topic, such as the 
above-mentioned, with a definition of terms. 


1. A Clarification of Terminology 


For this purpose the following classification of hypothermia 
is suggested: 


a. Environmental hypothermia 
b. Local hypothermia 
c. General hypothermia 
i. Moderate hypothermia 
ii. Deep hypothermia 


Before proceeding with a description of these terms, it may 
be said that this paper deals only with a review of current 
knowledge of hormones, or endocrine factors, in moderate, 
general, hypothermia. In discussing anything as complicated 
as the endocrine response there is an obvious advantage in 
restricting and defining the field. 


a. Environmental Hypothermia 


A study of the responses of animals and of man to a cold 
environment does not usually involve a significant reduction 
in body-temperature. Prolonged exposure to various levels 
of environmental temperature, and under different physical 
and dietary conditions, has led to certain findings related to 
the activity of endocrine glands. These studies have included 
the observation of responses in adrenalectomized and thyroid- 
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ectomized animals, as well as of the endocrine significance of 
acclimatization. Perhaps the most important practical aspect 
of this area of research will be the studies in acclimatization. 
It is interesting that the exact mechanism of the terminal rapid 
fall in body-temperature and death after days or weeks of 
exposure is not understood. 


b. Local Hypothermia 


This is mentioned only for completeness of definition. 
Early studies on the local effect of cold on malignant growths 
and the use of local cooling of an extremity as a form of 
anaesthesia for amputation are two examples of a com- 
paratively narrow field. No endocrine studies have been re- 
ported, to our knowledge. 


c. General Hypothermia 
i. Moderate Hypothermia 


One might classify moderate hypothermia clinically as the 
range of body-temperature used in cardiovascular surgery and 
the treatment of trauma, including burns and head injuries. 
This is usually in the order of 28—33° C. body-temperature. 
In clinical cardiovascular surgery, this cooling may be by 
surface application or by direct cooling of the blood by extra- 
corporeal circulation. Drew & Anderson (1959) and some 
European surgeons, working without an oxygenator, lower the 
body-temperature to 15° C. Since there is a prospect in the 
future of working at much lower temperatures, this level may 
come to be considered “‘moderate hypothermia”’. It is reason- 
able to classify this currently, however, as “deep hypo- 
thermia”’. 

The use of hypothermia over a period of one to two weeks 
in trauma may prove a fruitful field for endocrine studies. 
Unfortunately, there have been few studies of hormones in 
this range of clinical cooling, either in surgery or trauma. 

The animal studies in moderate hypothermia take in the 
range of 38° to 15° C. Large animals, such as dogs, because 
of the lower limits of safe cooling are studied in the 20- 
30° C. body-temperature range. Here again, most research 
deals with acute cooling. Some studies are being initiated in 
prolonged, moderate, hypothermia which will probably yield 
more information. 

The term “‘artificial hibernation” must be discussed for the 
sake of clarity. This term was devised originally by Laborit 


,and Huguenard of France to describe a degree of physiological 


“suspended animation” produced by a group of drugs (the 
“lytic cocktail”). In their original studies, there was no attempt 
to cool patients purposefully but, since the environmental 
temperature is usually below the body-temperature, and since 
these drugs inhibit the temperature-regulating mechanism, 
they usually recorded a drop in body-temperature of 1-3° C. 
In later work they actually cooled patients, after administering 
the cocktail, to temperatures in the moderate hypothermia 
range. Their drugs allow greater ease of cooling and control 
of shivering. The technique as it is now used really comes 
under the heading of moderate hypothermia, with certain 
pharmacological agents used as an adjunct to cooling. 
Laborit and Huguenard have published a great deal relating the 
action of these drugs to the endocrine system. Perhaps studies 
of the mechanism whereby the lytic cocktail affects the cooling 
process will throw light upon the actual endocrine response to 
pure hypothermia. This extensive literature is not reviewed 
here; see Laborit & Huguenard, 1951, 1957. 
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ii. Deep Hypothermia 

There are three main trends in this field of research (Bigelow, 
1958): (i) the deep hypothermia technique of Andjus (at 
0.5° C.) which has been referred to by Smith, Lovelock & Parkes 
(1954) and extended to include active freezing of small animals; 
(ii) deep hypothermia, at 5-15° C. body-temperature, pro- 
duced by extra-corporeal cooling of the blood in animals and 
man for heart surgery; (iii) a study of true hibernation in 
hibernating animals at near freezing temperatures, i.e. at 3° C. 

This latter field contains some interesting work on endocrine 
glands. Whether the hibernating gland itself is an endocrine 
gland is of interest. One of the authors (W. G. B.) has been 
studying this phenomenon for eight years. Our work is based 
on the premise that some hormone, or chemical influence, 
is present in the circulating blood of hibernating animals, 
which endows the animal with an unusual tolerance to low 
body-temperatures. This either shifts the cell metabolism to 
one that is more anaerobic in nature, or makes the oxygen 
more available to the tissues, or reduces in some other way 
the demand of the tissue for oxygen. This allows these animals 
to remain at 3-10° C. for weeks at atime. Body-temperatures 
of this order can be induced in animals of the non-hibernating 
type, but if they remain at these temperatures for a prolonged 
period (hours or days), they develop evidence of tissue hypoxia. 

Further evidence for hormonal influence is that, as far as 
we know, new-born animals and, probably, premature human 
babies have many of the characteristics of hibernating animals 
as regards tolerance to low body-temperature and an unstable 
heat-regulating mechanism. These qualities are lost with 
maturity. Hibernating anim: ‘s experience a reduction in their 
cold tolerance annually duri:... the rutting season in the spring 
when their testicles descend, along with other glandular activ- 
ity. This altered state occurs rapidly over a period of a week 
or so and is accompanied by a rapid reduction in the size 
of the hibernating gland. 

Although no attempt has been made here to review the 
literature, the following references are given: Trusler, Mc- 
Birnie, Pearson, Gornall & Bigelow, 1954; Lyman & Chatfield, 
1955; Johansson, 1959. 


2. Endocrine Changes in Moderate Hypothermia 

The advance in clinical applications of hypothermia in the 
fields of surgery and therapeutics has occurred at a more rapid 
rate than the accumulation of knowledge of the effects of 
cooling on the intact organism. Together with alterations in 
the general metabolism and physiological mechanisms, it 
might be expected that hypothermia would produce disturb- 
ances in the endocrine glands, as well as in the interrelation- 
ship of one gland to another. An attempt is made below to 
review the literature and assess the status of knowledge and 
research in this field. 


a. Anterior Pituitary 

Somatotrophin administered pre-operatively by Watkins, 
Prevedel, Munro, Rothman & Hill (1956) reduced the in- 
cidence of ventricular fibrillation following right ventriculo- 
tomy in hypothermic dogs. In those cases in which fibril- 
lation did occur, correction of the fibrillation was possible in 
over half of the experiments. Attempts at defibrillation in 
control animals were ineffective. Watkins and co-workers 
proposed that this effect was due to an increase in intracellular 
potassium resulting from the deposition of glycogen and/or pro- 
tein in the myocardium under the influence of somatotrophin. 
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Khalil (1954) concluded that the release of adrenocortico- 
trophic hormone(ACTH) is inhibited in hypothermic rats, since 
the adrenal glands remained responsive to exogenous ACTH, 
as assessed by the depletion of ascorbic acid in the adrenal 
gland. Egdahl, Nelson & Hume (1955b) and Hume, Egdahl 
& Nelson (1956) reported a significant decrease in the level 
of circulating ACTH in the hypothermic dog and a rise to 
higher levels than normal on re-warming. They also showed 
that the decrease in adrenal corticoid output was not due to 
a deficiency in endogenous ACTH, since the infusion of 


' exogenous ACTH during hypothermia failed to produce a rise 


in adrenal corticoid output (Egdahl, Nelson & Hume, 1955a, 
1955b). Ganong, Bernhard & McMurrey (1955) also found 
the adrenal gland unresponsive to the administration of exo- 
genous ACTH in hypothermic dogs. This finding, however, 
was not confirmed by Barlow, Spurr & Bowe (1959), who 
found an increase in plasma steroid following the adminis- 
tration of ACTH to hypothermic dogs. 


b. Thyroid 

An increase in the activity of the thyroid gland on exposure 
to cold is well established. Ariel & Warren (1943) produced 
hypothermia in unanaesthetized rabbits by immersion, and 
found gross enlargement and vascular engorgement of the 
thyroid gland at temperatures of 10-27° C., together with 
microscopic appearances of hyperactivity of the follicular 
epithelium. The metabolism was greatly increased initially, 
but as the temperature fell a rapid decline in metabolism oc- 
curred. Prolonged hypothermia results in a microscopic ap- 
pearance of hypoactivity with excessive colloid accumulation 
and flattening of the epithelium. 

Verzar, Vidovic & Hajdukovic (1953), using prolonged 
hypoxic hypothermia in rats, demonstrated a complete in- 
hibition of the uptake of I by the thyroid gland at 15° C. 
With a body-temperature of 23-28° C. the rate of uptake 
of 14 was decreased, but the maximum levels attained did 
not differ from those of the normal controls. The ability 
of the thyroid gland to concentrate iodine returned to 
normal upon recovery of normal body-temperature after 
either single or repeated episodes of hypothermia. The de- 
crease in the rate of uptake of "I was shown by Badrick, 
Brimblecombe, Reiss & Reiss (1954) to be independent of 
the anterior pituitary, since it occurred in both hypophysec- 
tomized as well as in normal animals. Neither was the de- 
crease in uptake due to a change in the thyroid cells per se, 
since in-vitro studies showed little impairment in their ability 
to take up iodine. The resemblance of the changes observed 
to those produced by adrenaline suggested the causative 
factor responsible for the decrease in thyroid activity to be an 
increase in vasoconstrictor substances producing a decrease in 
the blood supply to the thyroid gland. 


c. Pancreas 

Hyperglycaemia and glycosuria in animals cooled to a 
body-temperature of 20° C. by ice-water immersion were ob- 
served by Claude Bernard in 1855. Hyperglycaemia in hypo- 
thermia has been reported by others. Fuhrman & Crismon 
(1947) noted a rapid depletion of liver glycogen and increase 
in blood lactate during cooling of rats. In animals provided 
with ample stores of carbohydrate before cooling, blood- 
glucose levels rose during the early phases of hypothermia and 
remained elevated throughout the cooling. In fasted, or 
slowly-cooled and fed, animals the blood-glucose level was 
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maintained or fell during cooling. Cassidy, Dworkin & Finney 
(1925) showed a slight early fall in blood-sugar levels during 
cooling of dogs and cats, with return of blood-sugar levels to 
normal at a body-temperature of 25° C. They noted in some 
animals at 25° C. a delay in the fall of blood sugar following 
the subcutaneous injection of insulin, with no tendency for the 
blood sugar to return to normal levels after being lowered. 
In mice with body-temperatures 4° C. lower than normal, the 
amount of insulin required to produce convulsions is ninety 
times greater than that required at normal body-temperatures 
(Horvath & Spurr, 1956). 


d. Adrenal Medulla 

By the administration of epinephrine to dogs with blood 
temperatures of 19-21.5° C., Berne (1954) produced an in- 
crease in coronary blood flow, aortic pressure and heart rate. 
He doubled the rate of ventricular relaxation, but these effects 
were rapidly followed by the onset of ventricular fibrillation. 

Using the heart-lung preparation, Reissmann & Kapoor 
(1956) reported that adrenaline produced a marked shortening 
of both ejection and relaxation phases of the hypothermic heart 
and a pronounced augmentor effect on myocardial contrac- 
tion, most marked at temperatures of about 25° C. The effect 
on heart rate decreased with cooling and, at 22° C. or less, 
epinephrine produced ectopic impulse formation which rap- 
idly resulted in ventricular fibrillation. 

Shumacker, Riberi, Boone & Kajikuri (1956) demonstrated 
in hypothermic dogs at 26-27° C., with occlusion of the venae 
cavae and right ventriculotomy, that interruption of the sym- 
pathetic impulses to the heart was important in the prevention 
of ventricular fibrillation. The protective effects were produced 
by bilateral stellate and upper dorsal sympathectomy or by a 
sympathetic ganglion-blocking agent (Arfonad). 

Cookson, Neptune & Bailey (1952) observed that, in hypo- 
thermic procedures in which there was occlusion of the venae 
cavae, ventricular fibrillation closely followed removal of the 
clamp on the inferior vena cava. They postulated that there 
was an accumulation of epinephrine from the adrenal me- 
dulla in the clamped-off inferior vena cava, which when re- 
leased, produced ventricular fibrillation on reaching the anoxic 
heart. On this basis they demonstrated that an adrenergic 
blocking agent (Benodaine) significantly decreased the in- 
cidence of ventricular fibrillation following release of inferior 
vena caval occlusion. However, Covino, Charleson & 
D’Amato (1954), seeking to protect the cold-sensitized heart 
from endogenous epinephrine, failed to show any protective 
effect against ventricular fibrillation by the use of the adren- 
ergic blocking agents Dibenamine or SY-21. 

An increase in the plasma levels of circulating epinephrine 
and norepinephrine was reported by Brown & Cotten (1956) 
in hypothermic dogs. However, Hume et al. (1956) and Hume 
& Egdahl (1959) found a marked and progressive decrease in 
the secretion of epinephrine and norepinephrine in adrenal 
venous blood in hypothermia, with a rapid increase in se- 
cretion of these substances on re-warming. Fisher, Fisher & 
Fedor (1955) were unable to demonstrate any significant 
difference in the norepinephrine or chromaffin reaction of the 
adrenal medulla in rats subjected to hypothermia. 


e. Adrenal Cortex 
Khalil (1954) reported the absence of a fall in the ascorbic 
acid content of the adrenal gland in hypothermic rats sub- 
jected to surgical stress, but found that the adrenal cortex 
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remained responsive to exogenous ACTH. Hypothermia in 
rats was found by Fisher, Fedor & Fisher (1957) to produce 
a decrease in weight of the adrenal gland and in the ascorbic 
acid content of the adrenal cortex. Microscopically, a de- 
crease in the adrenocortical sudanophilia and cholesterol 
and/or its esters was observed if ether was used as an anaesthe- 
tic, while hypothermia under Nembutal anaesthesia failed to 
produce any alteration in the adrenal cortex. These results 
were believed to indicate a discharge of adrenal corticoid se- 
cretion by rat adrenal glands under hypothermia and ether 
anaesthesia. Badrick, Brimblecombe & Reiss (1955) showed 
an increased uptake of *P by the adrenal glands of hypo- 
physectomized rats. This is reported to indicate adreno- 
cortical activity comparable with a decrease in ascorbic acid 
content, but not to require the presence of the anterior pitu- 
itary. 

Sarajas, Nyholm & Suomalainen (1957, 1958) demonstra- 
ted changes in the amount and distribution of the sudano- 
philic adrenocortical lipids in hypothermic dogs; this indicated 
a response to stress by the adrenal cortex, except in those 
animals anaesthetized with pentobarbital sodium alone. 
Anaesthesia by pentobarbital sodium in combination with 
ether, or nitrous oxide and curare, did produce an adreno- 
cortical response indicative of stress. Further indication of 
the stress reaction in these animals was seen in the whole blood 
picture. During cooling the white blood count fell, the rel- 
ative counts of the various leucocytes remaining unchanged. 
During re-warming, neutrophilic leucocytosis, together with 
both relative and absolute eosinopenia and lymphopenia, oc- 
curred, presumably owing to the activation of the pituitary- 
adrenal axis by the stress of re-warming. These workers con- 
cluded that the type of anaesthetic agent employed affects the 
reaction of the adrenal cortex. Barbiturates tend to inhibit 
the response to stress in hypothermia, while ether tends to 
promote the stress response. 

With hypothermia prolonged for 72 hours in the dog anaes- 
thetized with pentobarbitone, MacPhee, Gray & Davies 
(1958) found the urinary excretion of cortical steroids to 
remain within normal limits. The normal post-operative rise 
in cortical steroid excretion was depressed, but recovery from 
prolonged hypothermia following operation produced a 
greater increase in excretion of cortical steroids than fol- 
lowing operation alone. No correlation between the micro- 
scopic appearance of the adrenal cortex and the extent of the 
adrenal response was found. 

Egdahl et al. (1955a, 1955b) and Hume et al. (1956) studied 
the secretion of 17-hydroxycorticosteroid in the adrenal 
venous blood in the hypothermic dogs. They found a pro- 
gressive and marked fall in corticoid output during hypo- 
thermia. This usually began at a rectal temperature of 
34-35° C. and fell to 25%, or less, of normothermic levels 
at temperatures between 22° C. and 28° C. With re-warming, 
the adrenal corticoid output returned to normal levels, and in 
about half of the animals the corticosteroid secretion after re- 
warming was greater than at the pre-cooling Jevels. Adrenal 
venous blood flow decreased with hypothermia, but the 
corticoid output was reduced to a greater degree. This is 
compared to oligaemic shock, in which adrenal blood flow 
is decreased but corticoid output remains unchanged or is 
increased. The decrease in corticoid output occurred with 
various methods of inducing hypothermia and with either 
Nembutal or ether anaesthetic. Since Egdahl and his co- 
workers had demonstrated a decreased level of circulating 


Brit. med. Bull. 196% 


Ve 


| 1 
q 
ike 
q 
| 
bay 
q 
< 
1) 
+ 
hy 
= 


HORMONES IN HYPOTHERMIA UW. G. Bigelow & S. Sidlofsky 


ACTH in hypothermia, they attempted to show that this 
decline in corticoid secretion was primarily due to an effect of 
hypothermia on the adrenal gland itself, rather than to a de- 
ficiency of endogenous ACTH. Infusions of exogenous ACTH 
were carried out and failed to produce any increase in corti- 
coid output. 

The maintenance of normal blood pressure by infusions of 
norepinephrine during hypothermia failed to prevent the 
characteristic fall of corticosteroid output, thus showing that the 
hypotension seen in hypothermia is not the cause of the de- 
creased corticoid secretion. In several experiments the adrenal 
gland was cooled by the local application of cold, while the 
remainder of the animal was maintained at normothermic 
levels. This resulted in a significant fall in corticoid output by 
the adrenal gland, with a rapid return of normal output levels 
by the local application of warmth, indicating that the effect 
of hypothermia is directly on the adrenal gland. In addition 
these workers found that hypothermia in the unstressed, 
anaesthetized animal failed to cause an increase in adrenal 
corticoid output and concluded that hypothermia itself did 
not activate the pituitary-adrenal system. These authors 
(Egdahl et al. 1955b) also reported that the rate of disappear- 
ance of exogenous 17-hydroxycorticosterone administered 
to adrenalectomized dogs was decreased in hypothermia. 
In one patient operated upon under hypothermia they found 
that the secretion of adrenal corticosteroids was decreased 
in comparison to that in patients operated upon under 
normothermic conditions (Hume & Egdahl, 1959). 

Ganong et al. (1955), using hypothermic dogs anaesthet- 
ized with pentobarbital sodium, showed a decrease in the out- 
put of 17-hydroxycorticoids in the adrenal venous blood. 
The output was not affected by additional surgical stress or by 
the administration of exogenous ACTH during hypothermia, 
and returned to normal levels on re-warming. Further work 
by Bernhard (1956) and Bernhard, McMurrey, Ganong & 
Lennihan (1956) was done on the levels of corticosteroids in 
the peripheral arterial blood in hypothermia, since they felt 
that this level is the important factor in determining the meta- 
bolic response of the animal. They found that the arterial 
plasma levels of 17-hydroxycorticoids remained relatively 
unchanged during laparotomy and exclusion of the liver from 
the circulation during hypothermia and after re-warming. 
They concluded that in addition to the marked decrease in 
output of corticosteroids in hypothermia there is a similar 
depression in the rates of excretion, conjugation and utiliza- 
tion of corticosteroids. 

In two patients undergoing surgery with hypothermia the 
peripheral levels of corticosteroids also remained at a constant 
level until after re-warming. A delayed post-surgical rise re- 
sulted, but to a lesser degree than expected for the degree 
of surgical trauma that occurred. This differs from the res- 
ponse seen in normothermic procedures, in which there is a 
marked increase beginning with the induction of anaesthesia, 
with the peak level occurring within 2-3 hours post-oper- 
atively. 

Swan, Jenkins & Helmreich (1957) studied the changes in 
plasma and urinary corticosteroids in a clinical series for re- 
pair of congenital cardiac defects under hypothermia. They 
found a small, but significant, rise in the plasma-free 17- 
hydroxycorticosteroids during cooling but no further in- 
crease until three hours after the completion of surgery. 
The maximal level reached during the recovery period did not 
differ significantly from that seen in normothermic patients. 
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The plasma-conjugated 17-hydroxycorticosteroids showed an 
increase during cooling and the initial stage of surgery, and 
then little change through the remainder of surgery and the 
post-operative period. The maximal levels reached were 
significantly lower than that seen in normothermic patients. 
Urinary corticoid excretion remained unchanged during 
anaesthesia, hypothermia and surgery. There was a delayed 
post-operative rise which was comparable in magnitude to 
that seen in normothermic patients. 

In both normal and Eck fistula dogs, Donovan, Reif, 
Trevino & Child (1959) reported a decreased magnitude of 
adrenocortical response and a decreased duration of elevation 
of adrenocortical levels in response to surgical stress under 
hypothermia, as compared to those seen in similar dogs oper- 
ated upon at normal body-temperatures. They believed this 
to be partly due to the protective effect of hypothermia on 
hepatic function, which allowed the adrenocorticoids to be 
metabolized at a more rapid rate. The observed steroid level 
would then be the result of a balance between decreased ad- 
renal output and more efficient metabolism by the liver. 

Barlow et al. (1959), studying hypothermic dogs, showed no 
significant differences from normothermic values in plasma 
17-hydroxycorticoid concentrations at rectal temperatures 
of 33° C., 30°C., 28° C. and 25° C. Since circulating plasma 
volumes were found to be significantly decreased, the circula- 
ting amounts of plasma corticosteroids (plasma volume x 
plasma steroid concentration) were significantly reduced at 
rectal temperatures of 28° C. and 25°C. These workers found 
that the administration of exogenous ACTH produced a 
marked increase in plasma corticosteroid levels. 


3. Discussion 


The information available on the effects of a moderate range 
of hypothermia on the endocrine system is scanty and often 
conflicting. Such studies are difficult and they are rendered 
more so when one considers the complex interrelationship of 
the ductless glands. A change in body-temperature, with the 
resulting comprehensive alteration of the physiological and 
biochemical state, is likely to alter the endocrine system pro- 
foundly. 

This lack of definite information can be explained by other 
reasons: (i) much of the work thus far has been carried out in 
acute cooling experiments. Long-term cooling may allow 
better opportunities for such studies. (ii) The level of body- 
temperature is important in comparative studies. In dogs 
something fundamental appears to happen at a body-tem- 
perature of 24° C. Thus one cannot compare one experi- 
mental series at 30° C. with one carried out at 20° C. (iii) 
Even more important in hypothermia than in other fields of 
research is the type of animal one uses. Guinea-pigs are very 
different from rats in their response to low body-temperature. 
(iv) Age of the experimental animal is probably the greatest 
single cause for confusion in research results. For example, 
the lower limit of safe cooling for a 5-month-old dog is 10° C. 
and for a 12-month-old dog is 20°C. (v) The larger the size of 
the animal, the more one is confronted with the problem of 
tissue temperature gradients during cooling and re-warming. 
(vi) Different types of anaesthetic call forth different responses 
to cold tolerance—thus why not different hormonal effects? 
(vii) If the animal quarters do not havecontrolled temperature, 
then the different seasons of the year in which experiments 
are carried out will give different results. 
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Perhaps the variations in endocrine response to hypothermia 
can be related to local vascular changes induced by cold. 
Hypothermia is known to produce vasospasm, and it has been 
reported to produce intravascular agglutination of red blood 
cells or “sludging”. A combination of spasm and red-cell 
clumping can produce complete cessation of blood flow 
through the peripheral vascular bed of some organs and tissues. 
Thus it is possible at very low body-temperatures that a gland 


REFERENCES 


Ariel, I. & Warren, S. L. (1943) Cancer Res. 3, 454 

Badrick, > ie Brimblecombe, R. W., Reiss, J. M. & Reiss, M. 
(1954) J. Endocrin. 11, 305 

Badrick, F. E., Brimblecombe, R. W. & Reiss, M. (1955) J. 
Endocrin. 12, 205 

art ou , Spurr, G. B. & Bowe, R. L. (1959) J. appl. Physiol. 


14 

Bernard, C. (1855) Legons de physiologie expérimentale appliquée 
a médecine, vol. 1, p. 184. Bailliére, Paris 

Berne, R. M. (1954) Circulat. Res. 2, 236 

Bernhard, W. F. (1956) In: Dripps, R. D., ed. The physiology of 
induced hypothermia. Publication No. 451, p. 175. National 
Academy of Sciences—National Research Council, Washing- 
ton 

Bernhard, W. F., McMurrey, J. D., Ganong, W. F. & Lennihan, 
R. (1956) Ann. Surg. 143, 210 

Bigelow, W. G. (1958) Surgery, 43, 683 

Brown, T. G., jr & Cotten, M. de V. (1956) Fed. Proc. 15, 405 

Cassidy, G. i, Dworkin, S. & Finney, W. H. (1925) Amer. J. 
Physiol. 73, 417 

Cookson, B. A., Neptune, W. B. & Bailey, C. P. (1952) Dis. 
Chest, 22, 245 

Covino, B. G., Charleson, D. A. & D’Amato, H. E. (1954) Amer. 
J. Physiol. 178, 148 

Donovan, A. J., Reif, A. E., Trevino, H. & Child, C. G., II 
(1959) Surgery, 46, 56 

Drew, C. E. & Anderson, I. M. (1959) Lancet, 1, 748 

Egdahl, ae H., Nelson, D. H. & Hume, D. M. (1955a) Science, 

5 


Egdahi, R. H., Nelson, D. H. & Hume, D. M. (1955b) Surg. 
Gynec. Obstet. 101, 715 

rien 400 R., Fedor, E. J. & Fisher, B. (1957) Amer. J. Physiol. 
1 

Fisher, E. R., Fisher, B. & Fedor, E. J. (1955) Proc. Soc. exp. 
Biol., N.Y. 89, 140 


may be partially, or totally, excluded from the circulation 
during the period of hypothermia. 


ACKNOWLEDGEMENT 


This work was carried out at the Banting Institute, University 
of Toronto, and currently oe by grants from the Ontario 
Heart Foundation and the J. S. McLean Foundation. 


a F. A. & Crismon, J. M. (1947) Amer. J. Physiol. 149, 


Ganong, W. F., Bernhard, W. F. & McMurrey, J. D. (1955) 
Surgery, 38, 506 

Horvath, S. M. & Spurr, G. B. (1956) In: Dripps, R. D., ed. The 
physiology of induced hypothermia. Publication No. 451, p. 8. 
National Academy of Sciences—National Research Council, 
Washington 

Hume, D. M. & Egdahl, R. H. (1959) Ann. N.Y. Acad. Sci. 80, 435 

Hume, D. M., Egdahl, R. H. & Nelson, D. H. (1956) In: Dripps, 
R. D., ed. The physiology of induced hypothermia. Publication 
No. 451, p. 170. National Academy of Sciences—National 
Research Council, Washington 

Johansson, B. (1959) Metabolism, 8, 221 

Khalil, H. H. (1954) Brit. med. J. 2, 733 

Laborit, H. & Huguenard, P. (1951) Pr. méd. 59, 1329 

Laborit, H. & Huguenard, P. (1957) Bordeaux chir. Fasc. 1, p. 5 

Lyman, C. P. & Chatfield, P. O. (1955) Physiol. Rev. 35, 403 

MacPhee, 1. W., Gray, T. C. & Davies, S. (1958) Lancet, 2, 1196 

Reissmann, K.. R. & Kapoor, S. (1956) Amer. J. Physiol. 184, 162 

Sarajas, H. S. S., Nyholm, P. & roomie, P. (1957) “Ann. 

“Acad. Sci. fenn. (Series AIV, Biology), No. 

Sarajas, H. S. S., Nyholm, P. & Seencihlinc. P. (1958) Nature, 
Lond. 181, 612 

Shumacker, H. B., jr, Ripe A., Boone, R. D. & Kajikuri, H. 
(1956) Ann. Surg. 143, 22 

Smith, A. U., Lovelock, J. ae & Parkes, A. S. (1954) Nature, 
Lond. 173, 1136 

Swan, H., Jenkins, D. & Helmreich, M. L. (1957) — www 

Trusler, G. A., McBirnie, J. E., Pearson, r a Gornall, A. G. & 
Bigelow, W. G. (1954) Surg. Forum, 4 

roo F., Vidovic, V. & Hajdukovic, S. 14953) J. Endocrin. 10, 


Watkins, D. H., Prevedel, A. E., Munro, G. A., Rothman, S. & 
Hill, R. M. (1956) J. thorac. Surg. 32, 583 


| 


q 
q 


7 


Brit. med. Bull. 1961 § 


4 
4 
q 
{ 
| 
| 
7 
‘ 
7 
2, 
a“ 
| 
i ; 
a 60 
I 
1 


1961 VOL. 17 No.1 


1961 


BRITISH MEDICAL BUL 
Lo 
1 
— 


BRITISH MEDICAL BULLETIN 


Neo-NaClex (bendrofluazide) is an oral 
diuretic sufficiently potent and long 
lasting to give effective treatment with 
a single dose daily. 

In practice one 5 mg Neo-NaClex tablet 
daily could replace, for example, a twice 
daily dosage of 50 mg hydrochloro- 
thiazide or two 500 mg chlorothiazide 
tablets daily. One dose of Neo-NaClex 
produces over twelve hours diuresis. 
Yet it is relatively free from significant 
side-effects and has minimum likeli- 
hood of causing potassium loss. 


GLAXO LABORATORIES LIMITED 


Neo-NaClex 


‘Trade Mark 
Tablets of 2-5 and § mg bendrofluazide. 
Both in bottles of 26, 100 and 500. 


You can use Neo-NaClex for every 
diuretic purpose. Start treatment with 
one 5 mg tablet daily at breakfast. Leave 
a three day interval between each week 
of treatment. Start maintenance with one 
2-5 mg tablet daily. Eventually one dose 
weekly may suffice. Of course, dosage 
will be varied to suit the individual. 

The once daily dosage of Neo-NaClex 
greatly reduces cost of treatment. 

So for effective, economical diuresis 
from a single dose daily remember this 
newest oral diuretic. 


xill 


1961 VOL. 17 


q 
7 


Aes 
: 
=> 
— 


CENTRAL NERVOUS SYSTEM IN HYPOTHERMIA W. M. ‘Lougheed 


THE CENTRAL NERVOUS SYSTEM 
IN HYPOTHERMIA 


W. M. LOUGHEED F.R.C.S(C.) 


Neurosurgical Unit, Toronto General Hospital 
Toronto, Canada 


Physiological responses to hypothermia 
Electroencephalographic responses in hypothermia 
Cerebral metabolism 
Protection from anoxia, afforded by hypothermia 
Cerebral blood flow 

a Brain volume and cerebrospinal fluid 

5 Blood-brain barrier 
Tolerance of central nervous system to cold 
Local brain cooling 
Protection from injury 
References 


onan 


For the past one hundred years the effects of cold on the 
nervous system have been investigated. The work of Walther 
(1862), Simpson (1902), Simpson & Herring (1905) and 
Horvath (1881) demonstrates the interest in hypothermia in 
these times. It was not until 1940, however, that general 
refrigeration was employed in human beings by Temple Fay. 
Fay & Smith (1941) recorded many of the related physio- 
logical data in man and are the pioneers in human 
hypothermia. 


1. Physiological Responses to Hypothermia 
Level of Consciousness and Reflexes 


There is no rigid temperature level at which a physiological 
response will cease or reappear. The work of Fay and others 
shows that in man amnesia usually occurs at about 34° C. 
(Fay, 1940, 1945; Fay & Smith, 1941). Dysarthria ensues at 
about 30-34° C., and close to 27° C. spontaneous movement 
and response to verbal commands are lost. McQueen 
tabulates reflexes recorded by Simpson (1902) and Britton 
(1923), showing the minimal rectal temperature at which 
reflexes can be elicited (see McQueen, 1956, Table I). 

These responses and the level of cessation, however, will 
vary with pre-medication and the depth of anaesthesia used 
to induce hypothermia. The precise level at which these 
changes take place is not as important as gaining under- 
standing of the mechanisms involved in their disappearance. 
The poikilothermic dogs produced by Keller & Batsel (1952) 
as a result of making hypothalamic lesions should be an 
invaluable experimental tool for further study of these 
responses. They have shown that at a rectal temperature of 
28° C. the dog performs surprisingly well, demonstrating only 
slowing of movement, slight staggering and catching, which 
they interpret as being evidence of a disturbance in postural 
reflexes. These observations suggest that enzymic function 
and synaptic conduction, although they may be slowed, 
are not severely interfered with at 28° C. Reduction of the 
cerebral metabolic rates at 28° C. (assuming that they are 
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comparable in the poikilothermic animal to those of the 
hypothermic animal) interferes little with brain function at a 
conscious level. One would wonder whether these conscious 
poikilothermic dogs at 28° C. could stand the same anoxic 
tests which have been carried out on anaesthetized cooled 
animals. The temperature measurements in these animals 
were rectal and it would be important to check these tem- 
peratures against those of the oesophagus and brain, as 
suggested by J. W. Severinghaus (1956). 


2. Electroencephalographic Responses in Hypothermia 


Progressive changes in the electrical activity of the central 
nervous system take place in hypothermia (Scott, McQueen & 
Callaghan, 1953; Lyman & Chatfield, 1953; ten Cate, 
Horsten & Koopman, 1949). In the monkey there is a decrease 
in amplitude of the waves, between 36° C. and 32° C., with 
progressive change until electrical silence is reached between 
18° C. and 20° C. Activity continues longest in the frontal 
regions. 8 Waves most prominent in the frontal regions occur 
at 30° C. and with intensification of this activity there is a loss 
of 8 and « frequencies. 8 Rhythms are lost at 24-25° C, and 
8 waves gradually decline with further cooling until electrical 
silence is reached (McQueen, 1956). 

Despite this suppression in the electroencephalogram 
(EEG), Brooks, Koizumi & Malcolm (1955) and Suda, 
Koizumi & Brooks (1957) have shown that there is a state of 
hyperreactivity of the central nervous system and that the 
spinal cord must be cooled below 20° C. to reduce its hyper- 
responsiveness below normal levels. Hence seizures may be 
evoked more easily in the hypothermic state. These authors 
have shown that incoming stimuli are potentiated and evoke 
greater responses. This observation is important in its 
clinical application and has been emphasized by Pool (1957). 
Pool observed that cardiac reflexes initiated by manipulation 
of the circle of Willis cause cardiac irregularities and that this 
is especially so in the hypothermic state. Therefore it is vital 
that a sufficient depth of anaesthesia be maintained to block 
or suppress these reflexes. — 


3. Cerebral Metabolism 


Experimental and clinical investigations, by numerous 

workers, of the effects of hypothermia on cerebral meta- 
bolism have yielded fairly consistent results. 
- It is agreed that there is a progressive fall in the rate of 
cerebral metabolism. In dogs at 30° C. it is 50% of normal 
and at 25° C. between 25% and 30% of normal (Rosomoff & 
Holaday, 1954; Lougheed & Kahn, 1955; Bering, Taren, 
McMurrey & Bernhard, 1956; Meyer & Hunter, 1957). 

Bering et al. (1956) noted a rapid rate of fall in oxygen 
consumption between 31° C. and 27° C.; below this tempera- 
ture the rate of fall decreased. There are few data, however, 
concerning oxygen consumption of the brain below the 
plateau at 27° C., as pointed out by Bering. Elliott (1952) 
measured the temperature coefficient for each 10° C. change 
in temperature for rat brain respiration between 10° C. and 
40° C., found it to be 2.13 and predicated a linear fall. 
Fuhrman & Field (1943), also with rat brain slices, found a 
QO, of 2.3 between 10° C. and 37° C. Supporting Bering’s 
hypothesis that the rate of decrease of oxygen consumption is 
slowed below 27° C. is the work of Gaenshirt, Krenkel & 
Zylka (1954). They occluded the carotid arteries in the cat 
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at different temperatures and followed the EEG to the point 
of electrical silence, released the occlusion and timed the 
recovery of the EEG. These authors concluded that the 
shortest time for recovery occurred at 30° C., and that below 
27° C. the recovery time for the EEG was greater than at 
normothermic temperatures. Electrical silence need not, 
however, indicate anoxia (see discussion on anoxia), for with 
progressively lower temperatures hypothermia alters the EEG. 
The indicator (the EEG) in this experiment is not constant. 

It is quite possible that at 25° C. a major change is occurring 
in the cerebral metabolism. The blood lactate has been 
observed to rise (Lougheed, Sweet, White & Brewster, 1955; 
Adams, Elliot, Sutherland, Wylie & Dunbar, 1956) and failure 
to metabolize glucose (Wynn, 1954) points to an anaerobic 
process of brain metabolism. McMurrey, Bernhard, Taren & 
Bering (1956) and Meyer & Hunter (1957) postulate the 
accumulation of metabolic waste products, particularly carbon 
dioxide, during circulatory occlusion. If this hypothesis is 
assumed, then the additional benefits derived from deep 
hypothermia may be the combination of further small 
decreases in oxygen consumption plus a marked drop in 
anaerobic metabolism, with reduction of metabolic waste 
products, particularly carbon dioxide, during circulatory 
occlusion. 

Both Adams ef al. (1956) and Stone, Donnelly & Frobese 
(1956) have measured the cerebral oxygen consumption during 
hypothermia in man and have found it to be reduced. Stone 
found in one patient at 28.6° C. that there was a reduction in 
cerebral oxygen consumption of 76%. However, in another 
patient who was shivering at the time at a temperature of 
28° C., the cerebral oxygen consumption was increased by 
105%. This points out the great variation which may occur 
in the results of this type of study and the difficulties that one 
may have in establishing base-lines in hypothermia. Adams 
and co-workers found a rise in lactic acid in their patients, 
similar to that in the two cases reported by Lougheed et al. 
(1955). 

Further studies are desirable, which would produce more 
complete data on cerebral oxygen consumption and anaerobic 
metabolism from 27° C. to 0° C., to determine the rate of fall 
and predicated benefits in this range. 


4. Protection from Anoxia, Afforded by Hypothermia 


The protection afforded the brain and spinal cord in anoxic 
states has been well documented (Bigelow, Lindsay & Green- 
wood, 1950; Andjus, 1951; Delorme, 1952; Gaenshirt et al. 
1954; Jensen & Parkins, 1954; Pontius, Bloodwell, Cooley & 
De Bakey, 1954; Pontius, Brockman, Hardy, Cooley & De 
Bakey, 1954; Smith, 1954; Lougheed & Kahn, 1955; Roso- 
moff & Gilbert, 1955; Williams, Presti, Carroll, Clasen, 
Garvin & Beattie, 1955; Bering et al. 1956; Lundberg, 
Nielsen & Nilsson, 1956; Meyer & Hunter, 1957; Lund, 
Johansen, Krog & Birkeland, 1958; Woodhall & Reynolds, 
1958). Most observers indicate that twofold protection is 
obtained at 30° C., threefold at 28—27° C. and almost fourfold 
at 25° C. The work of Andjus & Smith (1955), Niazi & Lewis 
(1957) and of Gollan (1954) has clearly demonstrated that 
long periods of anoxia (1-2 hours) can be withstood at body- 
temperatures near 0° C. 

Porter & Hayes (1959) have shown that multiple periods of 
vascular occlusion are not well tolerated unless the time 
between occlusions is progressively lengthened and occlusion 
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times are reduced. With complete arrest of the cerebral circu- 
lation, there were electrical silences between 8 seconds and 60 
seconds, and after release of occlusion the EEG returns to the 
resting state after a delay period which is a function of the 
length of occlusion and the temperature (Jensen & Parkins, 
1954; Cahn, 1956; McMurrey et al. 1956; Brechner, Kavan, 
Bethune, Bauer & Dillon, 1959). The onset of silence occurs 
just as rapidly at hypothermic temperatures as at normother- 
mic, so that this change cannot reflect anoxia. Dogs ventilated 
with 100% nitrogen do not develop EEG changes for 6-8 
minutes when hypothermic, but at normal body-temperatures 
they develop silence quickly (Lougheed & Kahn, 1955). In 
monkeys and cats the same events occur (Meyer & Hunter, 
1957). This then infers that the electrical silence indicates not 
anoxia but the accumulation of waste products, especially 
carbon dioxide.” 

Scott (1955) has reported on the electroencephalograms 
taken on patients with carotid and vertebral occlusion during 
hypothermia and noted no changes in EEG for 11-12 minutes 
after occlusion of all four vessels. In these patients there was 
always a little bleeding from the aneurysm (Botterell, 
Lougheed, Scott & Vandewater, 1956), indicating incomplete 
circulatory occlusion. Hence very little blood flow is sufficient 
to wash out metabolic by-products and support the EEG. It 
is possible that the permissible period of anoxia could be 
extended if waste products were prevented from accumulating. 
An important clinical application arises out of the above 
observations. Occasionally ventricular fibrillation occurs in 
the hypothermic patient who has a normal heart, and fibrilla- 
tion in such patients is invariably induced at below 30° C. 
As only a small amount of blood is necessary to maintain 
brain function, cardiac massage continued for hours may lead 
to recovery. It is not frequently appreciated, however, that 
the best way to restore normal rhythm is to maintain massage, 
use intermittent defibrillation and warm the patient. Often 
attempts at defibrillation fail until the patient is re-warmed 
to a temperature above 30° C. Recently I had a patient who 
showed fibrillation at 28° C.: after two-and-a-half hours of 
cardiac massage and re-warming, the temperature of the 
patient climbed to 30° C. and normal rhythm returned with 
electrical defibrillation, followed by recovery of the patient 
to normal. 


5. Cerebral Blood Flow 


The cerebral blood flow is reduced in hypothermia, owing 
to the progressive decrease in cardiac output, increased 
viscosity and cerebrovascular resistance. Rosomoff (1954) 
found that, in the dog, cerebral blood flow fell at the rate of 
6.7% for each degree centigrade and that the mean arterial 
pressure dropped at the rate of 4.8 mm. Hg for each degree 
centigrade. Hence he calculated that the cerebral vascular 
resistance increases twofold to threefold. Bering et al. (1956), 
using monkeys, found similar reductions in blood flow. 
Meyer & Hunter (1957) reported only slight change in blood 
flow until 28° C. was reached and, using polarographic 
changes in oxygen tensions, they showed that the availability of 
cortical oxygen increases in spite of changes in blood flow. 
Senning & Olsson (1957), Lund et al. (1958) and Woodhall & 
Reynolds (1958), using brain perfusion, also demonstrated 
increases in cerebrovascular resistance. 

In man, Adams et al. (1956), Stone et al. (1956) and Ehrman- 
traut, Ticktin & Fazekas (1957) each found blood flow to be 
reduced and the cerebrovascular resistance increased. 
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Meyer & Hunter (1957) observed the cortical vessels in 
experimental animals and recorded progressive reduction in 
calibre, beginning at 32° C., with the most marked changes 
occurring in vessels of 200 my. They estimated a 50% 
reduction in artery size at 30° C. and below, and a 25% 
reduction in the veins. 

Great variations occur in the physiological state of the 
vessels in hypothermia. In some animals (and in patients) 
blood pressure falls precipitously with hypothermia, but in 
others the blood pressure is maintained at its normothermic 
levels to much lower temperatures. Although the blood 
pressure does drop, and cerebrovascular resistance does 
increase, these factors may be extremely variable and do not 
take place at predictable temperatures. The depressant effects 
of anaesthetic and of other drugs increase this variability. 


a. Brain Volume and Cerebrospinal Fluid 


Brain volume and cerebrospinal fluid and venous pressures 
fall with hypothermia. At 25° C., brain volume is reduced by 
4.1% and cerebrospinal fluid pressure and venous pressure by 
5.5% for each degree centigrade (Rosomoff & Gilbert, 1955). 
Both in patients and in the experimental animal the reduction 
in brain volume occurs, provided that shivering and elevation 
of blood pressure do not occur. However, in patients with 
subarachnoid haemorrhage, a slack brain does not normally 
accompany hypothermia at 27-28° C. (Botterell et al. 1956; 
Botterell, Lougheed, Morley & Vandewater, 1958). Lemmen 
& Davis (1958) measured cerebrospinal fluid pressure in 22 
patients during hypothermia. There was an initial rise in 
cerebrospinal pressure with induction of anaesthesia. Then a 
gradual decrease in pressure, with reduction of temperature, 
occurred. However, variation from this pattern took place, 
and anoxia, shivering and coughing produced rises in pressure. 
Lemmen and Davis concluded that hypothermia did not pro- 
duce marked decreases in cerebrospinal pressure and that 
herniation due to space-taking lesions could still take place in 
spite of hypothermia. 

My opinion is that the reduced brain volume in hypothermia 
results from the reduction in blood pressure and blood flow 
with complete muscular relaxation of the patient and that any 
anaesthetic producing these features would be attended by the 
same reduction in brain volume. Hypothermia, therefore, 
would not prevent herniation in large space-taking lesions. 


b. Blood-Brain Barrier 


Lourie, Weinstein & O’Leary (1960) have investigated the 
effects of hypothermia on the blood-brain barrier, using trypan 
blue. They found no breakdown between 16.5° C. and 19.5° C. 
However, in cats below 8° C., they found a slight disruption 
of the blood-brain barrier. Further, they studied the protective 
effects of hypothermia and found that it did not prevent the 
toxic effects of methylene blue in the blood-brain barrier. 
Jeppsson & Nielsen (1955) found that hypothermia at 25° C. 
protects against the breakdown of the blood-brain barrier 
caused by 50% umbradil (diethanolamine salt of 3:5-di-iodo- 
4-pyridone-N-acetic acid). 


6. Tolerance of Central Nervous System to Cold 


Before the illuminating work of Andjus (1955), Smith (1956) 
and Gollan (1954), it was regularly assumed that temperatures 
below 9° C. for non-hibernators would be accompanied by 
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brain damage. Andjus & Smith (1954) showed that rats 
could be cooled to just above 0° C., and between 75% and 
100% of them revived. Later they found that supercooling 
could be survived (Andjus, 1955). Smith (1956) supercooled 
hamsters to — 5° C. with recovery and, even in animals frozen 
for 40-60 minutes, recovery took place. 

Andjus, Knépfelmacher, Russell & Smith (1955) concluded 
that rats whose body-temperatures were reduced to between 
+1° C. and 0° C, showed an impairment in performance. 
Learning impairment was temporary and there were no 
serious effects on behaviour. Therefore, they concluded that 
there was a lack of evidence that hypothermia has any serious 
permanent effect on learning or retention (in rats). 

Niazi & Lewis (1957) and Gollan (1954), working at the 
same time on this problem, demonstrated the ability of non- 
hibernators to resist temperatures near 0° C. and survive. 
Niazi & Lewis cooled monkeys to a little above 0° C. with 
cardiac stand-still for two hours and then revived them. 
Gollan, using a pump oxygenator, showed that dogs would 
tolerate cooling to 0° C. and one hour’s cardiac arrest, 

Smith (1957) did not have as much success with larger 
animals—rabbits and small primates (Galago crassicaudatus 
agisymbanus). All died when subjected to temperatures of 
0° C. or lower. Some died of gastric haemorrhage and, when 
this was prevented, two of the small primates survived only to 
die of cardiac failure. 

From the above-cited work it can be concluded that the 
nervous tissues will tolerate severe cooling and even freezing 
for limited periods of time, and recover. However, there are 
still subtle changes which are not understood. It is possible 
that the pump oxygenator perhaps eliminates metabolic 
products which accumulate in the surface-cooled larger 
animals, and avoids the late deaths. 

Vandewater & Paul (1960) studied the effects of hypo- 
thermia on pregnant ewes close to term. Changes in foetal 
oxygen saturation and carbon-dioxide content and pH 
generally accompanied maternal changes. However, respir- 
atory acidosis in the mother caused severe bradycardia in the 
foetus. These authors observed no ill effects of hypothermia 
on the pregnant guinea-pigs at mid term or near term. 


7. Local Brain Cooling 


Techniques devised for localized brain cooling, employing 
perfusion of the carotid arteries with either intact efferent 
flow or total vascular isolation of the perfused brain, have 
been reported (Delorme, 1952; Gaenshirt et al. 1954; 
Lougheed & Kahn, 1955; Benjamin, Wagner, Ihrig & Zeit, 
1956; Kimoto, Sugie & Asano, 1956; Malmejac, 1956; Sen- 
ning & Olsson, 1957; Lund et al. 1958; Woodhall & Reynolds, 
1958). These experiments were stimulated by the desire to 
devise a technique which would reduce the temperatures of 
the brain drastically without lowering cardiac temperatures 
to the fibrillatory range. 

By and large the results of these investigations have con- 
firmed the observations and conclusions made with general 
hypothermia. Oxygen consumption is reduced, arteriovenous 
oxygen differences fall progressively and the cerebrovascular 
resistance rises. Jensen & Parkins (1954) achieved brain 
temperatures of 12-18° C. and the animals showed no ill 
effects. However, with temperatures between 8° C. and 12°C., 
they found gross sensory and motor disturbances. In view of 
the temperatures obtained by Gollan (1954) and Andjus & 
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Smith (1955), it seems poscible that the neurological damage 
below 12° C. may have resulted from the effects of perfusion 
rather than of hypothermia. Lund et al. (1958) have shown 
that the rise in cerebrovascular resistance can be counteracted 
by the use of 10% carbon dioxide or Arfonad in minimal doses 
to facilitate the speed of cooling. 

Woodhall & Reynolds (1958) have a beautifully devised and 
accurate method of brain perfusion. Woodhall points out 
that, in the dog, flow-rates above 18-20 ml./min./kg. resulted 
in high venous pressure, cardiac failure and cerebral oedema. 
This would explain my discouraging results with local cerebral 
hypothermia, as my method was crude in comparison with 
that of Woodhall. 


8. Protection from Injury 


It has been shown in dogs that occlusion of the middle 
cerebral artery produces infarction within 30-50 minutes 
(Rasmussen, 1939). Resection of the proximal portion of the 
middle cerebral artery will produce infarction, however, if 
hypothermia is instituted within 15 minutes of this procedure 
and reaches 24° C. in 90 minutes. The animals are protected 
(Rosomoff, 1954, 1956). 

Cerebral trauma was created by placing a cold cylinder on 
the surface of the brain (Rosomoff, 1959). When these lesions 
were created in animals at 25° C., and the animals kept 
hypothermic for 18 hours, the post-traumatic inflammatory 
reaction (cerebral oedema and leucocyte response) was 
reduced and 36 hours later the leucocytic response was absent. 
Only two of seven animals survived, however. Similar experi- 
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Since the action of a drug usually involves one or more chemi- 
cal processes, it is to be expected that the action will be 
modified by temperature, being less when the temperature is 
low. The magnitude of the response on giving a drug to an 
animal depends on the concentration reaching the receptors 
on which the drug acts, and the duration of the response 
depends on the length of time for which a concentration which 
is above the threshold is maintained. The concentration of 
the drug at the receptor sites depends on the rate at which the 
drug is absorbed and also on the rate at which the drug is 
destroyed or excreted. 

These points may be illustrated by examples. An early 
study was that of Jacobj (1890), who was interested in the 
toxicity of colchicine. Colchicine was much more toxic for 
rats than for frogs. However, when Jacobj prepared oxydi- 
colchicine, he found that it was equally toxic for both. He 
concluded that colchicine itself was not harmful, but became 
toxic after conversion into oxydicolchicine. The greater 
toxicity for the rat was due to the speed of the conversion at 
the temperature of 37° C., which was much faster than the 
conversion in the frog at the temperature of 18—20° C. 

In 1924 Huxley & Fulton studied the effect of temperature 
on the response of frogs to insulin. At the high temperature 
of 30° C. the injection of 0.45-3.0 units of insulin caused 
convulsions in 14 hours, and the death of all the frogs. At 
25° C., convulsions occurred after a longer time, 24-27 hours, 
but there were no deaths. At 15° C., convulsions occurred 
only after 60-70 hours and, finally, at 7° C., convulsions 
occurred only after 5—6 days. Here the reaction of the insulin 
itself appeared to be much slower at low temperatures. 

In 1938 Raventdés studied the duration of the anaesthesia 
produced by hexobarbitone (sodium evipan) in mice. To pro- 
duce anaesthesia in 50% of the mice, a dose of 39 mg./kg. was 
required at 30° C., and a slightly larger dose, 45 mg./kg., was 
required at 20° C. These doses were not very different. The 
duration of anaesthesia was, however, quite different, for it 
was two-and-a-half times as great at the lower temperature. 
Here the rate of breakdown of the drug was much slower at 
the lower temperature. 

On the whole not much work of this kind has been done, 
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and in any case it offers little opportunity for analysis. From 
this point of view effects of temperature which can be observed 
in isolated organs are more profitable, and changes in cardiac 
tissue will therefore be discussed. 


1. Action of Acetylcholine in Rabbit Atria 


The atria of the rabbit heart can be dissected free from other 
cardiac tissue and can be suspended in an isolated-organ bath 
in Locke’s modification of Ringer’s solution. Provided that 
they are surrounded by a brisk stream of oxygen (+ 5% CO,), 
they contract vigorously and the contractions can be recorded 
by a lever. It is usual to keep the temperature below 37° C., 
since the demand of the atria for oxygen is thereby reduced, 
and the atria adapt themselves more easily to the limited 
supply of oxygen which is dissolved in the Ringer’s solution. 
Now, as is well known, the addition of acetylcholine to the 
bath causes a slowing of the rate and a diminution in the force 
of the contractions of the atria. These changes are of course 
the same as those produced by stimulating the vagus nerves, 
and indeed McEwen (1956) prepared atria with vagus 
nerves attached and observed that when he stimulated the 
nerves there were the same slowing of the rate and dimi- 
nution in the force of contraction as when acetylcholine was 
added. 

Marshall & Vaughan Williams (1956) set up the atria in a 
bath in such a way that a slow stream of Ringer’s solution 
passed continually over them. The temperature of the solution 
could be varied at will, and it could be kept at any desired 
point. They studied the effect of acetylcholine as the tem- 
perature fell) They recorded the tension developed at each 
contraction by attaching the tip of the left atrium to a trans- 
ducer, and they recorded the electrical changes on the surface 
at a point in the right atrium near the pace-maker and at a 
second point near the tip of the left atrium. They determined 
the position of the pace-maker by finding the point at which 
the distance between the deflections on the oscilloscope re- 
corded from the two pairs of electrodes was greatest. 

On cooling the Ringer’s solution slowly down to 20° C., 
Marshall and Vaughan Williams observed that the effect of 
acetylcholine on the atria was unchanged. Acetylcholine still 
slowed the rate and diminished the force of contractions. 
When, however, the temperature was reduced below 20° C., the 
rate of beating became very slow, and at a temperature which 
might be 19° C., 17° C., 15° C. or even 13° C., according to the 
preparation used, the beats ceased altogether. The oscillo- 
scope recorded no change of tension and no electrical change 
at the tip of the left atrium. There was, however, a slight 
electrical disturbance still recorded by the electrodes on the 
pace-maker. At this stage, when activity appeared to be 
almost completely arrested, Marshall and Vaughan Williams 
made the observation that when acetylcholine was added to 
the solution running over the atria, then, after a latent period 
of a minute or so, activity in the atria was revived. From the 
electrical disturbance persisting at the pace-maker a normal 
potential change developed, and this excitation was propa- 
gated to the left atrium, so that a normal potential change was 
recorded under the second pair of electrodes also. This 
propagated disturbance resulted in the development of ten- 
sion. The renewed activity persisted for some minutes and 
then subsided shortly after the acetylcholine had left the bath. 
Thus the effect of acetylcholine, which was inhibitory at 
temperatures above 20° C. when the atria were contracting, 
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was reversed when the temperature was reduced and the 
contractions ceased. Instead of arresting activity it caused 
the quiescent atria to become active. 

Marshall and Vaughan Williams found that this stimulating 
action was seen only so long as the electrical disturbance at 
the pace-maker in the quiescent atria was present. When 
some preparations were cooled, activity ceased at the pace- 
maker as well as everywhere else. In these, acetylcholine did 
not restore the beat. They concluded that, as a rule, cooling 
stopped the propagation of pace-maker impulses at a time 
when the impulses were still being formed. Acetylcholine 
restored propagation. However, in a minority of preparations, 
cooling stopped the formation of pace-maker impulses before 
it stopped their propagation; in these, acetylcholine did not 
revive activity. 

Marshall (1957) continued this work, using an intracellular 
electrode. This is difficult to maintain in one position in the 
atria on account of the contractions which easily dislodge it. 
She found that when the atria were cooled to the point at 
which contractions ceased, it was in fact still possible to 
record action potentials at the pace-maker, but that these 
were not propagated. She made the important observation 
that, in other parts of the atria, as the temperature fell during 
the process of cooling, there was also a fall in the trans- 
membrane potential. From a value during diastole of 
—85 mvor —90 mv at 30° C., it fell to the neighbourhood of 
—60 mv, and it was at this point at which the contractions 
almost ceased. Propagation of impulses failed altogether 
when the transmembrane potential fell below —60 mv. When 
acetylcholine was added, the transmembrane potential was 
raised, and the restoration of activity appeared to be due to 
this rise. 

Two points were of interest: first, the failure of propagation 
when the transmembrane potential fell below —60 mv; this 
was probably explained by the effect on the rate of depolariz- 
ation. Weidmann (1955) showed that, as the transmembrane 
potential fell, the rate of depolarization also fell until a point 
was reached at which depolarization was so slow that it was 
prevented altogether by the process of accommodation. The 
second point was that acetylcholine raised the transmembrane 
potential. This might be explained by an effect of acetyl- 
choline on the permeability of the membrane to potassium. 
Harris & Hutter (1956) showed that the permeability to 
potassium was increased, and that this increase might result in 
raising the transmembrane potential nearer to the potassium 
equilibrium potential. 

When acetylcholine causes inhibition of the contracting 
atria under normal conditions of temperature, it is well known 
to do so by raising the transmembrane potential and causing 
hyperpolarization (Hutter & Trautwein, 1956). Hence the 
stimulating action on the quiescent atria at low temperature 
appears to be basically the same. 

The effect produced by acetylcholine can also be produced 
by vagal stimulation. Burn & Rand (1957, 1958) showed that 
when an isolated preparation of atria with the vagus nerves 
was studied, stimulation of the vagus caused inhibition of the 
contractions at 30° C. When the preparation was cooled 
below 20° C., a point was reached at which the contractions 
ceased and stimulation of the vagus then caused the con- 
tractions to begin again. The stimulant action was abolished 
in the presence of atropine, and it was prolonged in the pre- 
sence of eserine. The stimulant action was not due to the 
release of noradrenaline, since it was regularly observed in 
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preparations made from rabbits treated with reserpine in 
which noradrenaline was absent. 


2. Effect of Temperature on Choline Acetylase 


The presence of the enzyme choline acetylase was first 
demonstrated in rabbit atria by Comline (1946). This enzyme 
synthesizes acetylcholine, and Biilbring & Burn (1949) ob- 
tained evidence that the synthesis of acetylcholine by the atria 
was related to the rhythmic contractions. They found that 
when atria were allowed to contract in an isolated-organ bath 
for many hours, the contractions finally failed but could be 
started again by the addition of acetylcholine soon after they 
had stopped. They observed that the choline acetylase 
activity was high in the beating atria, very low in the atria 
which had stopped, and again high in atria which were re- 
started by the addition of acetylcholine. 

When isolated atria are contracting, the choline acetylase 
present is actually making acetylcholine, because when 
eserine is added to the bath in concentrations of 10-*-10- g./ 
ml. the rate of beating is slowed (Burn & Kottegoda, 1953). 
Moreover, Day (1956) showed that acetylcholine was liberated 
from the isolated perfused heart of the rabbit. 

The question therefore arose whether the acetylcholine 
formed in the atria played any part normally in the mainten- 
ance of the transmembrane potential. Since acetylcholine was 
able to restore the transmembrane potential when at low 
temperatures this had fallen too low to permit propagation of 
impulses, it seemed possible that the factor which maintained 
the potential at higher temperatures was the acetylcholine 
formed in the atria. A study was therefore made of the effect 
of temperature on the choline acetylase activity of rabbit 
atria to see if this activity was arrested at temperatures at 
which the atria ceased to beat. 

The atria were prepared in the form of an acetone-dried 
powder. The synthesis of acetylcholine in yg./g. acetone 
powder/hr. was found to vary in the range of 194-350 at 
33° C. down to 5-38 at 13°C. Thatis to say, as the temperature 
fell, the choline acetylase activity fell, and the figures showed 
that the fall was particularly steep below 20° C. The effect of 
temperature was best seen from the figures for the Q,». They 
are shown in Table I. Between the temperatures of 37° C. 
and 21° C. the Q; varied from 1.8 to 2.3. However, between 
the temperatures 21° C. and 17° C. the Qi» rose to 6.2, and 
from 17° C. to 13° C, it was no less than 7.8. These figures 
indicated the great falling off in choline acetylase activity 
below 20° C., in the region where the contractions were 
arrested. This result was in complete agreement with the 


* See also Balbring, Brit. med. Bull. 1957, 13, 172.—Ep. 
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suggestion that the maintenance of the transmembrane 
potential at its normal value of about -90 mv is a function of 
the acetylcholine formed in the atria (Burn & Milton, 1959). 


3. A New Function of Acetylcholine 


The ordinary conception of acetylcholine for the last thirty 
years has been that it is the substance liberated at the ter- 
minations of many peripheral motor nerves which transmits 
the nervous impulse. This function, however, does not account 
for the continuous formation and liberation of acetylcholine 
in the isolated heart and in the isolated intestine (Feldberg & 
Lin, 1949, 1950). In the observations now described it may be 
that we have a clue to the reason for this continuous formation. 
Both the heart and the intestine are organs in which the muscle 
cells are in continuous activity. The process of excitation 
depends on the existence of electrical charges on the cell 
membrane, and on their neutralization at appropriate mom- 
ents. We have the possibility before us that acetylcholine, by 
altering the membrane permeability or by affecting the rate 
of entry of ions (Vaughan Williams, 1958) may play a con- 
trolling part in assuring the proper function of this system. 

It is perhaps worth while to recall the formation of acetyl- 
choline, which has been demonstrated in the gill plates of the 
mussel Mytilus edulis, where it has been shown to be closely 
associated with ciliary movement (Biilbring, Burn & Shelley, 
1953; Milton, 1959). Since Gray (1924) showed that the 
movements of the sinus of the frog’s heart and those of the 
cilia of the gill plates of Mytilus were influenced in precisely 
the same way by a large number of factors, it may be that in 
the gill plates also acetylcholine is formed to maintain a 
transmembrane potential as well as in the atria. 


4. Temperature and Cardiac Fibrillation 


While the effect of temperature on the action of acetyl- 
choline in the atria has received an explanation, the effect of 
temperature on fibrillation of cardiac tissue has not. It is by 
now well known that when thoracic surgeons carry out 
operations on the heart they often do their work at a reduced 
temperature, and, particularly when the temperature is 
allowed to fall below 26° C., the risk of the heart’s going into 
fibrillation is considerable. 

Cardiac fibrillation both in the atria and in the ventricles 
has been studied experimentally. Holland & Burn (1957) 
showed that when isolated rabbit atria were suspended in a 
bath containing Locke’s solution with a reduced concentra- 
tion of potassium (1.4 mm), then stimulation at a high rate 
(at least 10/sec.) in the presence of acetylcholine caused 
fibrillation. Beaulnes & Day (1957) studied the effect of 
temperature on fibrillation produced in this way, and found 
that when atria were fibrillating at 37° C., reduction of the 
temperature to 33° C. diminished the rate of the arrhythmia 
and often restored a normal rhythm. When the temperature 
was raised again, the rapid rhythm returned. In general they 
found that at lower temperatures it was more difficult to 
produce fibrillation than at higher ones. 

In the ventricles the effect of temperature in producing 
fibrillation was studied by Dirken, Gevers, Heemstra & 
Huizing (1955) and also by Goodford (1958). The results 
obtained were in the same direction as those described for the 
atria. They made observations in the isolated rabbit heart 
perfused with a modified Ringer’s solution. Goodford (1958) 
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found that at 37° C. electrical stimulation of the ventricles at 
10/sec. usually caused fibrillation which persisted, after the 
stimulation stopped, for as long as observation was continued. 
This fibrillation could be arrested by cooling the preparation 
to 32° C., and at this temperature the same stimulation failed 
to cause fibrillation. On raising the temperature to 37° C. 
again and on re-application of stimulation, persistent fibril- 
lation was again observed. : 


5. Temperature and the Duration of the Action 
Potential 


In the course of investigating the effect of various factors on 
fibrillation, it was observed that there was a relation between 
the effect on fibrillation and the effect on the duration of the 
action potential of cardiac muscle. As an example the action 
of 2:4-dinitrophenol will be considered. It was found that 
when this substance was added to the fluid perfusing the rabbit 
heart, the effect of stimulation was to produce persistent 
fibrillation though, when it was not present, stimulation caused 
transient fibrillation only (Armitage, Burn & Gunning, 1957). 
Now Macfarlane & Meares (1955) showed that dinitrophenol 
reduced the plateau of the action potential, that is to say the 
period of depolarization and of inexcitability, in the atrium 
and in the ventricle of the frog to about one-third of its normal 
length. 

The factors investigated included other metabolic inhibitors 
such as azide, monoiodoacetate and fluoride, and also the 
effect of lack of glucose and lack of oxygen. All these caused 
persistent fibrillation, and all caused shortening of the action 
potential. It was therefore interesting that a fall of tempera- 
ture which made fibrillation less easy to produce was found to 
lengthen the duration of the action potential. Hollander & 
Webb (1955) found that the duration of the atrial potential in 
the rat was increased by a fall of temperature from 42° C. to 
30° C., and Marshall (1957) found that the action potential in 
rabbit atria was increased from 240 msec. at 27° C. to 400 
msec. at 18° C. 

Since metabolic inhibitors like dinitrophenol shorten the 
action potential, an increase in metabolism would be expected 
to lengthen the action potential. Now a rise of temperature 
must increase metabolism, and therefore a rise of temperature 
would be expected to increase the length of the action potential. 
This, however, is the opposite of what is observed. The 
duration of the action potential is lengthened, not by a rise, 
but by a fall in temperature, and this is the effect of temperature 
which at present is unexplained. 

The view is gaining ground that the heart requires energy 
for two purposes: the one to maintain the rate and force of 
the beat, and the other to maintain an action potential of long 
duration. (The long action potential ensures that the muscle 
fibres, when excited, then remain inexcitable for a long period 
and are protected from excitation by any neighbouring fibres 
which are out of phase.) Now if energy is required for two 
purposes, it may be that a rise in temperature, though pro- 
viding more energy, produces a situation in which a greater 
proportion of the energy is taken for the contractile process 
(perhaps because of the increase in rate). Less energy may 
then be available to maintain the duration of the action 
potential, and therefore the duration may be shorter. This 
explanation of what may be called the anomalous effect of 
temperature on the duration of the action potential is, however, 
largely speculative. 
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This review is concerned with the effects of hypothermia on 
the radiosensitivity of whole mammals and of their cells and 
tissues. Limitations of space preclude a complete survey of the 
literature, and recent papers are given preference wherever 
possible. 

Mammals may be cooled to about 15° C. by simple direct 
methods, without cardiac or respiratory arrest. Until re- 
cently, however, radiobiological experiments on mammals at 
body-temperatures below 10° C. were confined either to 
hibernating animals with deep body-temperatures of 2-10° C. 
or to new-born, non-hibernating mammals which may also 
be cooled down to this temperature range and subsequently 
revived. The hearts of the hibernating mammals continue 
beating and respiration occurs. However, no respiratory or 
cardiac movements are detectable in infant rats cooled to 
about 1° C. (Fairfield, 1948). In 1951, Andjus described the 
resuscitation of adult rats from an inanimate state at body- 
temperatures of 1° C. This involved cooling the animals 
initially in sealed jars and then transferring them to melting 
ice (Giaja & Andjus, 1949). Resuscitation was carried out by 
applying a hot spatula to an animal’s praecordium and then 
insufflating its lungs. This technique was successful in re- 
animating only about 25% of the cooled animals, and of these 
few survived for more than several days. When the heart was 
heated locally by microwaves generated by a magnetron, 
80-100% of ice-cold rats revived and lived for long periods 
(Andjus & Lovelock, 1955). Then in 1956, Goldzveig & Smith 
found that 80-100% of ice-cold rats or mice could be resusci- 
tated more simply by re-warming the whole body under 
bench lamps and simultaneously giving artificial respiration. 
Later, larger numbers of animals were resuscitated automatic- 
ally in batches (Weiss, 1959b). Other methods for cooling and 
resuscitating larger animals, including man, are described 
elsewhere in this Bulletin. The literature dealing with the resis- 
tance of animals to cooling has been exhaustively reviewed 
by Smith (1958) and annotated by Culver (1959). 

It is known that the amount of available oxygen in tissues 
plays an important part in determining their sensitivity to 
x rays (Gray, 1953, 1957; Gray, Conger, Ebert, Hornsey & 
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Scott, 1953; Patt, 1953; Howard-Flanders, 1958), and it is 
postulated that oxygen acts by combining with ionization 
products of water to form toxic products. It has been shown 
by Deschner & Gray (1959) that the sensitivity of murine 
ascites tumour cells to x irradiation is diminished to about 
one-third when the environmental oxygen tension is less than 
2 mm. Hg. This “oxygen effect’’ has also been demonstrated 
by a reduction in death-rate in new-born mice (Lacassagne, 
1942), by protection of the tail (Howard-Flanders & Wright, 
1957), the thymus (Wright & Batchelor, 1959) and the spleen 
(Weiss, 1959c) of the intact mouse. When discussing the 
effects of hypothermia on radiosensitivity, the degree of 
oxygenation of the animal or its tissues must be constantly 
borne in mind. Another factor complicating the assessment 
of radiation sensitivity in cold biological systems is damage 
caused by cooling, which tends to nullify any protective effects. 
Hypothermic damage is reviewed by Smith (1958) and will be 
discussed later in specific cases. 


1. Radiosensitivity of Hibernating Mammals 

Studies have been made of the effects of whole-body 
x irradiation on hibernating marmots (Marmota monax) by 
Smith & Grenan (1951a, 1951b), and on hibernating ground- 
squirrels (Citellus tridecemlineatus) by Doull, Petersen & 
DuBois (1952) and Doull & DuBois (1953). The results of 
all these investigations show that in animals irradiated in the 
hibernating state, death, loss of weight and leucopenia were 
greatly delayed but appeared when the animals regained 
normal body-temperature in the same sequence as in animals 
which had not been in hibernation when irradiated. The onset 
of x-ray damage may be delayed by maintaining animals at 
similarly artificially reduced body-temperatures after irradia- 
tion (Osborn & Kimeldorf, 1957). In assessing these results 
it must be remembered that the tissues of hibernating animals 
are well oxygenated, since both the circulatory and respiratory 
systems are functioning and, in addition, the metabolic 
requirements are much reduced. As sensitivity to x rays 
depends greatly on the availability of oxygen within the tissues, 
it is not expected that hibernation would afford true protection, 
but rather that it would only cause delay in the onset of 
damage, owing to diminished cellular metabolism. 


2. Radiosensitivity of Hypothermic Mammals at 1° C. 
a. Whole Animals 


In 1941, Evans, Goodrich & Slaughter demonstrated a 
marked decrease in the radiosensitivity of the skin of new-born 
rats x irradiated at body-temperatures of 0-6° C. Storer & 
Hempelmann (1952) observed that infant mice, cooled in 
sealed celluloid tubes to about 5° C., exhibited approximately 
twice as high a survival rate as animals irradiated at normal 
body-temperatures. In these experiments, respiratory and 
circulatory movements had stopped, and both groups of 
investigators concluded that lowered tissue oxygen levels in 
their animals played a major role in bringing about the re- 
duction in radiosensitivity. Hornsey (1956, 1957) reported 
that a dose of 620 r. of x rays given to adult mice of the T 
strain kills 50% of them within 30 days. No mice survived 
longer than 30 days following exposure to 900 r. of irradiation. 
However, when T strain mice were irradiated at body- 
temperatures of 0-0.5° C. and then resuscitated by Goldzveig 
and Smith’s technique, they all survived doses of 900, 1,200 
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and 1,500 r. The dose killing 50% of mice irradiated in the 
inanimate, hypothermic state was approximately 1,760 r. A 
protective factor of 2.8 was thus associated with hypothermia. 
This factor is higher than that obtained by any other method 
so far described. Hornsey (1959) also reports that reducing 
body-temperatures to 0-0.5° C. during irradiation partially 
protects mice against shortening of life induced by irradiation. 
She notes that this protection is not of the same order as 
observed in straightforward mortality studies. 

Using an oxygen-cathode technique (Cater, Silver & Wilson, 
1959), Cater & Weiss (1959) measured oxygen tensions in the 
tissues of anaesthetized mice being cooled to 1° C., and in 
“unanaesthetized” mice being resuscitated from 1° C. 
Oxygen tensions of the order of 0-2 mm. Hg were recorded in 
the spleen and testis at 1°C. Subsequent work revealed oxygen 
tensions of this order in muscle, bone-marrow, and sub- 
cutaneous tissues also (Cater and Weiss, unpublished). 
These measurements confirmed that oxygen tensions low 
enough to affect radiosensitivity substantially could be revers- 
ibly attained in hypothermic animals, and demonstrated that 
such low oxygen levels are compatible with subsequent 
recovery. 


b. Tissues and Cells 

Any measurements of radiosensitivity depending on the 
death of a whole mammal are of limited value since death may 
be due to a number of different causes. When mice are used 
in radiobiological experiments, post-mortem autolysis of 
tissues is so rapid that necropsies tend to yield little informa- 
tion on the cause of death. Consequently, the radiosensitivity 
of certain organs in vivo and cells in vitro has been studied. 


The Testis 

Weiss (1959a) irradiated groups of mice at normal body- 
temperatures, at 15° C., 1° C., and after administration of the 
radioprotective agent cysteamine. Twenty-eight days later, 
both as assessed by weight and histological examination, the 
testes showed much less evidence of damage in the animals 
irradiated at 1° C. than in the other three groups. Very little 
difference was detected between the testes from the animals 
irradiated at normal body-temperatures, after cysteamine, and 
at 15° C. The mice irradiated at 15° C. will be discussed later. 
Cysteamine is known to exert a generalized protective action, 
but this does not extend to the testes, where it is poorly con- 
centrated (Eldjarn & Nygaard, 1954). It was therefore con- 
cluded that hypothermia had a local protective action, 
demonstrated in the testes in this instance, since generalized 
protection with cysteamine produced virtually no protection 
for the testis. It was not considered profitable to calculate a 
hypothermic protection factor for the testis, as cooling to 1° C. 
alone, without irradiation, produced slight damage. 


The Spleen 

Spleens of the ““P” strain of mice have been studied five 
days after 800 r. of whole-body irradiation, at normal body- 
temperatures, at 1° C., and after administration of the radio- 
protector AET (5:2-aminoethylisothiourea dihydrobromide), 
by Weiss (1960a). On assessment of their weight and on 
histological examination, the spleens from the groups ir- 
radiated at 1° C. and after AET both exhibited marked and 
similar protection when compared with those from animals 
irradiated at normal body-temperatures. Lymphatic follicles 
were not seen in the spleens of the group irradiated at normal 
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body-temperatures, but were very much in evidence in the 
group irradiated at 1° C. 


The Haemopoietic System 

Mice were given whole-body x irradiation over the dose 
range 0-950 r. (Weiss, 1960c). One group of animals was 
irradiated at normal body-temperature, and another group at 
1°C. As cooling to 1° C. produced marked temporary changes 
in the peripheral blood picture, a third group of mice was 
irradiated at normal body-temperature, then cooled to 1° C. 
and subsequently resuscitated. Histological examination of 
the bone-marrow, peripheral blood counts (fig. 1) and tissue- 
culture studies on bone-marrow at periods of up to five days 
after irradiation show that only hypothermia during irradia- 
tion was associated with radioprotection of the leucocyte 
series and their precursors. There appeared to be no specific 
changes induced by hypothermia on the radiosensitivity of 
the different types of leucocytes. 


The Ovaries 

Hornsey (1959) observed that when mice are given 100 r. 
of irradiation at body-temperatures between 0° C. and 0.5° C., 
they receive some degree of protection against sterility 


FiG.1. Total Leucocyte Counts in Mice Five Days 
After Whole-Body Irradiation 
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induced by radiation. The reproductive systems of female 
mice were not protected against doses of 300 r. by hypo- 
thermia. 

Bruce and Weiss (unpublished work, 1960) compared the 
fertility of T strain female mice after whole-body irradiation 
with 80 r. at normal body-temperatures and at 1° C. A further 
group was irradiated at normal body-temperature and then 
cooled to 1° C. All groups of mice subsequently had fertile 
first matings, but the groups irradiated at normal body- 
temperatures had no further pregnancies. Within approxi- 
mately three months after irradiation each mouse had given 
birth, on the average, to 13.6 young, whereas the average 
production in the group irradiated at normal body-temperature 
was 0.6 young. Each female irradiated at normal body- 
temperature and subsequently cooled to 1° C. gave birth to an 
average of 0.65 young, over the same period of time. After 
exposure to 500 r. of whole-body irradiation at both 1° C. and 
normal body-temperatures, females had only one fertile 
mating and then became infertile. However, the animals 
irradiated at 1° C. had larger average litters (6.3) than the 
groups irradiated at normal body-temperatures (3.4). This is 
thought to reflect the general state of health of the mothers, 
rather than specific ovarian protection. 

Although the work cited indicates that profound hypo- 
thermia in association with severe hypoxia is accompanied by 
increased radioresistance, it does not provide information on 
the effect of hypothermia alone. Weiss (1960b) measured the 
radiosensitivity of aerobic cultures of HeLa (mammalian) cells 
at 1° C. and 37° C. No difference in radiosensitivity was 
demonstrable when the cultures were irradiated at 1° C. and 
37° C., but this biological system was shown to be protected 
by hypoxia. Also, no histological differences have been 
detected between the spleens of mice irradiated under con- 
ditions of hypoxia and hypothermia (Weiss, 1960a) and those 
irradiated while hypoxic at normal body-temperatures (Weiss, 
1959c). It is therefore inferred that the increase in radio- 
sensitivity of hypothermic mammalian tissues is due mainly 
to concomitant hypoxia. 


3. Radiosensitivity of Hypothermic Mammals at 15° C. 


Mammals have been irradiated at body-temperatures of 
about 15° C. while their respiratory and circulatory systems 
were functioning. Hajdukovi¢, Hervé & Vidovié (1954) 
showed that groups of adult rats exposed to 800 r. and 900 r. 
of whole-body irradiation at normal body-temperature all 
died after 17 days. When rats were given the same dose of 
x rays at 14~-15° C. body-temperatures, 50% survived more 
than 30 days. Costachel, Grigoresco & Tranco (1959) 
showed that, on a basis of peripheral blood counts, hypo- 
thermia of 15° C. during x irradiation was associated with less 
damage than irradiation at normal body-temperature. Kus- 
kin, Wang & Rugh (1959) record that only 8 out of 507 mice 
irradiated at normal body-temperature survived 30 days, where- 
as 43 survived out of a group of 550 mice given the same dose 
of x irradiation at body-temperatures of 20-23° C. Hajdu- 
kovié (1955) postulated that the radioprotective effects of 
hypothermia are related to the general level of metabolic 
processes and not to anoxia. However, none of these authors 
has compared his results with the protection obtainable in 
inanimate mammals at 1° C. Weiss (1961) studied the 
haemopoietic tissues of mice irradiated at body-temperatures 
of 15° C. When the response was assessed by total peripheral 
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leucocyte counts five days after irradiation, it was shown that 
mice irradiated at 15° C. had significantly higher counts than 
those irradiated at normal body-temperature. It must be 
emphasized that the protection was much less than is afforded 
by body-temperatures of 1° C. during irradiation (fig. 1). 
However, since mice at 15° C. are well oxygenated, this slight 
protection is not readily explained in terms of the oxygen 
effect. No evidence of bone-marrow protection was observed 
on histological examination, in the animals irradiated at 15° C. 

The effect of low environmental temperatures of 6-10° C. 
on the response of mice and rats to whole-body irradiation 
has been described by Smith, Highman, Mitchell & Blount 
(1949) and Kimeldorf & Newsom (1952). Their conclusions 
were that a sufficiently cold environment and subsequent fall 
in body-temperature tended to lower the resistance of the 
animals to the lethal actions of x rays. On the other hand, 
Schrek (1946) could detect no temperature-dependent changes 
in the radiosensitivity of thymic cell suspensions. Weiss 
(1959a) could detect no difference in the damage caused to the 
testes of mice irradiated at 15° C. when compared with those 
exposed at normal body-temperature, although the testis is 
considered to be an extremely sensitive index of irradiation 
damage. In addition, no real change was detected in hiber- 
nating mammals (see section 1). 

Patt & Brues (1954) are of the opinion that temperature 
independence over the range of 0-37° C. is to be expected at 
cellular level, since the toxic free radicals must have zero or 
nearly zero energies of activation. However, in the intact 
animal, temperature changes within the range of 0-37° C. 
can produce other profound physiological changes, and at 
the present time it is impossible to make dogmatic statements 
about the effect of cooling per se. In general, the findings on 
the radiosensitivity of mammals cooled down to a minimum 
of 15° C. suggest that these temperature effects are at most 
slight, when compared with those obtained at 1° C. in hypoxic 
animals. 


4. Possible Clinical Applications 


The presence within the tumour bed of highly radioresistant 
anoxic foci is one factor limiting the use of radiotherapy in 
the treatment of malignant disease (see Gray, 1957). An 
attempt has been made to render these foci more radio- 
sensitive by irradiating patients while they are in high-pressure 
oxygen chambers (Churchill-Davidson, Sanger & Thomlinson, 
1955, 1957). The previously well-oxygenated tissues cannot 
be made more sensitive. The object is to raise the oxygen 
tensions, and hence the sensitivity, of the anoxic foci so that 
the efficiency of a given dose of x rays will be increased. 

Another approach was suggested by Wright & Howard- 
Flanders (1957). They postulated that, if the oxygenation and 
hence radiosensitivity of the normal tissues could be reduced, 
an increased dose of x irradiation could safely be delivered to 
a tumour. Further, the radiosensitivity of the anoxic foci 
could not be further decreased by hypoxia. The limitations 
imposed on the technique of irradiation of the severely 
hypoxic patient are principally the ability to deliver a high 
enough dose fast enough to avoid hypoxic tissue damage. 

It has been suggested (Weiss, 1960a, 1960d) that hypoxia 
severe enough to reduce the differential in radiosensitivity 
could safely be maintained in hypothermic patients. It is 
proposed that in the radiotherapy of some tumours the well- 
oxygenated components be treated by conventional irradiation, 
or by this together with high-pressure oxygenation. The residual 


Brit. med. Bull, 1961 


¥ 
AS 
| 
7 
| 
af 
| 
| 
| 
ee. 
ae 
= 
7 
- 


-< 
- 


SENSITIVITY OF HYPOTHERMIC MAMMALS TO x IRRADIATION L. Weiss 


radioresistant anoxic foci could then be treated under con- 
ditions of profound hypothermia and severe but safe hypoxia 
with doses of irradiation nearly three times as great as those 
normally used in therapy. It must be emphasized that this 
suggestion is highly speculative, and that at the moment no 
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transferred to the Strangeways Research Laboratory, 
Cambridge. Dr Weiss’s work and publications have 
been largely concerned with experimental cytology 
and with the modifications in radiosensitivity pro- 
duced by hypothermia. His present work is con- 
cerned with biophysical aspects of cell adhesion in 
relation to the spread of malignant disease. 
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BOOK REVIEWS 


Book Reviews 


Recent Research in Freezing and Drying 


Edited by A. S. Parkes & Audrey U. Smith. Oxford: Blackwell 
Scientific Publications, 1960. (Second International Symposium 
on Freezing and Drying, 1958.) vii + 320 pages; figures. 
26 x 16cm. £3 3s. 


This edited account of the 1958 a on Freezing and 
Drying will be an essential work of reference for anyone interested 
in the freezing or freeze-drying of biological matter. Its contributors 
include many leading workers, and they deal with both the practical 
and theoretical advances that have been made in this rapidly- 
ees field, since the previous Symposium in 1951. A good 
deal of attention is naturally given to the processes causing injury 
during freezing and thawing, and to ways of modifying them. The 
use of glycerol in preventing damage by concentrated electrolytes 
as tissue water crystallizes is discussed fully, and evidence is given 
that sugars may reduce thermal shock, by which a sudden fall in 
temperature above or below freezing point may cause injury. 
Although it now seems unlikely that mechanical damage by ice 
crystals is of great importance, there are three well-written chapters 
on the mechanism of freezing in cells, which set out clearly the now 
extensive knowledge on this subject. The first, in which Professor 
Luyet points out that so-called “vitrified” water can be shown to 
have a crystalline structure, is of particular interest. 

A chapter by Kalabukhov provides an interesting diversion by 
giving a review, stretching back to the turn of the century, of Russian 
work on the freezing and supercooling of living animals. Although 
much of this has been superseded by recent experiments on the 
resuscitation of frozen mammals, it is little known outside Russia 
and is often of much general interest. . 

The sections on freeze-drying give a good survey of the rapidly 
expanding use of this technique to preserve live micro-organisms 
for stock, and non-viable tissue for surgical grafting. Although 
great progress is described in the biophysics of the process as well as 
in its practical uses, much of the information still does not have an 
adequate theoretical explanation, and will be read mainly by those 
with a practical interest in the techniques. This is particularly true 
of chapters on the surgical use of freeze-dried tissue, most of which 
describe arbitrary though clinically useful procedures. However, 
the basis for the current use and the future possibilities of the 
technique are summarized clearly in the last chapter by Dr A. S. 
Parkes, who points out that neoplastic, unlike normal, mammalian 
tissues will grow after being freeze-dried, and holds out hope that 
grafts of freeze-dried normal human tissue may eventually be used 
to supply viable cells as well as supporting tissue. 

The English of foreign contributors is sometimes imperfect, but 
their meaning can always be followed without undue difficulty, and 
the small sections of general discussion which are included in the 
book are clearly worded and relevant to the chapters they follow. 
With the subject developing as rapidly as it is at present a future 
symposium and book will be eagerly awaited. 

W. R. Keatinge 


Hypothermia in Surgical Practice 


K. E. Cooper & D. N. Ross. London: Cassell, 1960. xi + 116 
pages; 33 figures; 5 plates. 23 x 15cm. 18s. 6d. 


Dr Cooper and Mr Ross, assisted by Dr B. A. Sellick, Mr L. S. 
Walsh and Dr V. Wynn, have contributed a very practical short 
text-book to the literature on hypothermia. Introduced by a chapter 
on the physiology of hypothermia, in which due stress is laid on the 
methods and sites of recording deep body-temperatures, chapters 
follow on the pharmacology of drugs used, and the metabolic 
problems in hypothermia. The methods in common use of produc- 
ing hypothermia are detailed, with emphasis on the practical es- 
sentials of each technique. Hypothermia in neurosurgery and deep 
hypothermia with assisted circulation are also described. In con- 
clusion there is a chapter on unintentional hypothermia, in which 
the methods of treating the victims of accidental exposure and 
hypothermic myxoedemic coma are briefly discussed. 

The text is easily read, well amplified by an accurate list of 
references and adequately illustrated by charts, line drawings and 
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photographs. Purists may, however, regret the frequent use of the 
phrase “heart-lung machines” when pump oxygenators are 
being referred to. 

This book should prove most usefu! to both undergraduate and 
postgraduate students, and should be of particular value to surgeons 
and anaesthetists who are commencing to use hypothermia in 
clinical practice. 

J. R. Kenyon 


Blood Flow in Arteries 


Donald A. McDonald. London: Edward Arnold (Publishers) 
Ltd., 1960. (Monographs of the Physiological Society No. 7.) 
x + 328 pages; figures. 22 x 14cm. £2 


The sciences of biology and physics differ in that the physicist, 
in most instances, can formulate the interrelations of his variables 
in a precise mathematical way, whereas the biologist is still seeking 
to enumerate the interacting variables prior to describing their 
precise behaviour. Dr McDonald and his colleagues have set out 
to investigate the relations between pressure and fiow in the arterial 
tree, and to describe them in the precise language of the physicist 
and mathematician. Assumptions, which at present seem justifiable, 
are made, but the author does not claim that the results of his team 
represent a final answer to the problem. The work, taking over from 
the Windkessel theory of the previous generation, represents a 
major advance in our knowledge. The analysis was not just the 
application of known physical principles to pressure and flow in 
the arterial tree, for physicists have been principally concerned 
with steady flow or with oscillatory flow in rigid systems, whereas 
the team at St Bartholomew’s Hospital have developed the analysis 
of oscillatory flow in the more difficult elastic system. The problem 
is made even more difficult because of the viscous nature of blood, 
and the presence of red corpuscles which can give rise to anomalous 
viscous behaviour. 

The book contains a description of laminar flow in viscous 
liquids and a discussion of turbulent flow, with the evidence for 
and against its occurrence in the arterial system. At this point there 
is an interesting section dealing with the origin of audible murmurs 
in the circulation, with the evidence pointing to a combination of 
turbulence and vibration of the containing structures by jets im- 
pinging on them, as the most likely origin. 

Oscillatory flow is then analysed, the method of calculation of this 
flow from an oscillatory pressure gradient is derived, and a theory 
of flow based on analogy with alternating current theory (the a.c. 
theory) is propounded. The author suggests that the term “‘resis- 
tance” should be confined to parts of the circulation in which there 
is steady flow, and “‘impedance” should be used for regions having 
oscillatory flow. The oscillatory flow theory is further extended to 
an elastic system. The origin of pressure peaks in the arterial tree 
is discussed and the weight of evidence comes down on the side of 
wave reflection rather than resonance as an explanation. 

The derivation of cardiac output from pressure measurements in 
the aorta or pulmonary output is discussed. The author thinks that 
the flow in these vessels is more likely to be derived with accuracy 
from pressure gradient measurements, rather than from a single 
pressure trace, though there are technical difficulties in both. 

There is a useful and important chapter dealing with the physical 
properties of arteries, in which a great deal of data is accumulated. 
An account is given of the various methods of flow measurements 
from high-speed cinematography to various flowmeters, and the 
deficiencies in each are determined. Two appendices are added, one 
describing in detail how to do a Fourier analysis for calculating an 
oscillatory flow from the pressure gradient, and the other a theoreti- 
cal analysis of manometer behaviour; both of these are extremely 
useful to the worker on circulatory research. 

A full bibliography is given, the index is well constructed and 
the text is clearly written and illustrated. This book is essential to 
all those who seek to understand the circulation: it presents new 
concepts ably described and backed by a wealth of experimental 
evidence. It should serve not only as an important reference work, 
but as a stimulus to other physiologists to produce further advances 
in our knowledge of the circulation. 

K. E. Cooper 


Brit. med. Bull, 1961 
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BOOK REVIEWS 


Modern Trends in Cardiac Surgery 


Edited by H. R. S. Harley. London: Butterworths Medical 
Publications, 1960, xiii + 282 pages + index; figures; illus- 
trations. 25 x 17 cm. £3 10s. 


This book, which is one of a series, deals with cardiac surgery 
and, as is stressed in the introduction, is the first book on this subject 
to be published in the United Kingdom. 

The editor has collected 22 contributors who have each produced 
a chapter on his own special subject. This inevitably leads to varia- 
tions in style and presentation of material and the book is best read 
a chapter at a time. Its aim appears to be to cover what might be 
described as the rapidly growing edge of a relatively new specialty. 
From this point of view the book is an admirable summary of 
British cardiac surgical practice at the time of writing. The editor 
has wisely not attempted to cover the whole subject in detail, but 
has managed to convey the impression that the best information 
available is contained in this volume. The book is aimed at the 
consultant, the trainee, and the general practitioner. For the first, 
it is a useful summary of present practice, but if he is abreast of the 
literature contains nothing startlingly new; for the second, it should 
be invaluable, and for the third, rather hard work in places. 

The historical introduction makes interesting reading and es- 
tablishes the right perspective, and is followed by a chapter on 
haemodynamics.. This was undoubtedly the most difficult chapter 
to write, and the editor has attempted, on the whole successfully, to 
summarize the important aspects of haemodynamics in relation 
to the surgeon, but it is perhaps too long and detailed in relation 
to the shortness of the other chapters. Some of these are so brief 
as to leave the reader with his curiosity aroused and his questions 
unanswered: for example, the chapter on cardiac surgery in the 
om year of life, which will become increasingly important in the 

uture. 

The later chapters on techniques such as hypothermia, deep 
hypothermia, and perfusion are excellent, and probably represent 
the greatest contribution that British workers have made to the 
field of cardiac surgery. The final chapter provides just the right 
philosophical, but provoking, note to end such a book. 

The publishers have produced a clear text, gratifyingly free of 
misprints, the illustrations are satisfactory, the references clear, 
and the index is easy to use. 

It was an admirable gesture to dedicate the book to the late 
E. F. Chin, whose chapter is one of the clearest and best in it. The 
reviewer would confidently recommend this book to those interested 
in cardiac surgery and would hope that the editor will undertake 
further editions as the subject advances. 

1. K. R. McMillan 


Cold Injury 


Edited by Steven M. Horvath. New York: Josiah Macy, Jr 

Foundation, 1960. (Transactions of the Sixth Conference, 

375 pages; figures; illustrations. 23 x 15cm. 
Ss. 


The emphasis of the Conference held in 1958 was not so much on 
“cold injury” as on physiological changes associated with cold. 
About 34 American workers have contributed their formal and 
informal remarks. A. D. Keller demonstrated that it is possible to 
reduce a large homoeothermic animal (dog) to permanent poikilo- 
thermic status by total removal of the vertebral sympathetic chains; 
it is hoped that this preparation will be most useful for experimental 
work on thermal regulation. C. P. Lyman reported his excellent 
study of the physiology of hibernation, with special reference to 
respiratory exchanges, and the changes in circulatory and metabolic 
patterns. 

There are two contributions of a more discursive nature: “‘ Living 
on the South Polar Ice Cap’”’ (P. A. Siple), and “‘ Medical experiences 
at McMurdo Sound” (I. M. Taylor). They make easy reading, but 
there is a feeling that physiological research in these expeditions 
could have been given rather more encouragement. This would 
usually mean the provision of a physiologist, in addition to the 
medical officer whose first loyalties must, of course, be to his 
casualties. These seemed to be more frequent than on the British 
and Commonwealth polar expeditions. The Americans found that 
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the most serious problems were fractures, carbon monoxide 
poisoning, and epidemic insomnia. 

In 1940, Siple devised a “‘wind chill index”’ in which he tried to 
combine both wind speed and low temperature. The data were 
assessed by G. W. Molnar in the present Conference: all agreed 
(including Siple) in discussion that the wind chill index is not ac- 
curate, but there does not seem to be a better rough-and-ready 
metho¢. Throughout the Conference, however, most of the en- 
vironmental conditions mentioned are those recorded by the 
meteorologist. These temperatures are not necessarily physiologi- 
cally significant since man normally shelters from the elements. In 
spite of a lack of knowledge of these parameters, against which one 
would be able to set the physiological changes, an attempt was made 
(N. Pace) to assess the development of stress, mainly using as 
criteria the excretion of hormones in the urine. Other topics 
included heat production from shivering and non-shivering (T. R. A. 
Davis), and from exercise (J. S. Hart), and energy balance in the 
cold (A. Henschel and D. E. Bass). Finally, there was a report by 
L. Irving on methods of adaptation to cold by the Australian 
Aborigine—one of the last surviving naked peoples who are exposed 
to environmental cold. 

This volume gives a valuable insight into the current thinking 
among American workers. One learns a great deal from the give- 
and-take of the discussions. On more than one occasion one can 
read the qualification by the original author to a “‘fact’’ that had 
been hallowed in the text-books. These nuances of disbelief are 
not always possible in formal papers, so that the style adopted by 
the Macy Foundation, although expensive, serves a special p se. 
Nonetheless, some tighter editing would not have lessened the 
value of the book. 

H. E, Lewis 


The Early History of Surgery 
W. J. Bishop. London: Robert Hale Limited, 1960. 192 pages; 
21 plates. 22 x 14cm. 18s. 


A concise English history of surgery has long been wanted. Mr 
Bishop’s book supplies the need even better than his modest title 
suggests, for his “early” period includes everything from prehistoric 
times till the golden age of surgery, which began sixty years ago. 
Though he does not cover the late nineteenth century in as much 
detail as the previous periods, he records the most important ad- 
vances which Lister’s work made possible, up to “‘the first successful 
suture of the heart . . . sa 1896”. The book is therefore a history of 
surgery in all but its latest phases, and ranges with the ease of wide 
scholarship over nations and civilizations. Mr Bishop makes clear 
the general principles of surgical advance: scientific knowledge, 
which has grown out of primitive curiosity concerning the working 
of the body, and technical skill, which has developed from the need 
to cope with emergencies and accidents, very often caused by fight- 


ing. 

All through his book progress can be seen to follow this interplay 
of science and technique. Through the developing civilizations of 
the ancient world this is clearly brought out in a valuable survey of 
surgery in Egypt, Greece, and Rome. The backsliding of the Middle 
Ages in Europe is also well explained, with the survival of Greek 
medicine in the Moslem empire. Mr Bishop concludes, however, 
that the Arabs made no outstanding contributions to surgery. 

The second half of the book appeals more directly to human 
sympathies. Mr Bishop has drawn skilfully on the case histories and 
operation records which have come down to us since the sixteenth 
century in ever-increasing numbers. Some of these are of vivid 
interest, such as the recollections of surgery set down by patients 
who underwent operation successfully in the days before anaesthe- 
sia. The very wealth of the records, and the number of pioneering. 
surgeons whose exploits must be recorded, make parts of the later 
chapters almost too anecdotal, though these details can be fascinat- 
ing in themselves. The heroic age of surgery which Cae from 
the Napoleonic wars is especially suitable for this kind of descrip- 
tion. With the mid-nineteenth century we meet again the essential 
interplay of science and technique in Mr Bishop’s excellent account 
of the introduction of anaesthesia and of antisepsis. The book is 
well illustrated and very cheap at a cost of 18 shillings. 

W. R. LeFanu 
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Doctors and Disease in Tudor Times 


W. S. C. Copeman. London: Wm. Dawson & Sons Ltd., 1960. 
xiv + 186 pages; 13 plates. 22 x 14cm. £2 2s. 


Dr Copeman’s survey of the Tudor medical scene, an expansion 
of his FitzPatrick Lectures delivered in 1958 and 1959, brings to- 
gether in one volume an account of medicine in England from the 
accession of Henry VII in 1485 to the death of Elizabeth I in 1603. 
This period, marked as it was by important changes in the status 
of the medical profession, by the introduction of the Elizabethan 
Poor Laws, and by the laying of foundations upon which were 
built the scientific achievements of the century that followed, also 
saw the overthrow of Galenical tradition by the scientific work of 
Vesalius and others. 

Books on the history of medicine are so often collections of 
biographical sketches grouped under periods of time or held to- 
gether by a subject theme, but Dr Copeman, while providing ample 
biographical information on the principal characters of his period, 
gives more attention to such matters as the evolution of the medical 
profession, the status, practice and scientific basis of Tudor medi- 
cine, medical education, contemporary methods of diagnosis and 
treatment, prevalent diseases, and public health and hygiene. He 
provides an account of the establishment of the College of Phy- 
sicians in 1518, an event which did much to raise the status of the 
physician and which marked the real beginning of medicine as a 
profession in England. He also records the establishment of the 
Company of Barber-Surgeons in 1540. His account of the Poor 
Laws and their effect on society is disappointingly brief. His more 
detailed examination of the scientific basis of Tudor medicine is 
perhaps the best section of the book ; it shows how little was achieved 
= England and how much was owed to workers on the continent of 

urope. 

The index is hardly adequate, consisting almost entirely of per- 
sonal names, with no subject entries. The price of this slim volume 
may deter some from possessing this scholarly and interesting 
account of medicine in Tudor times. om 

. T. Morton 


The Purpose and Practice of Medicine 


Selections from the writings of Sir James Spence with a memoir 
by Sir John Charles. London: Oxford University Press, 1960. 
x + 308 pages; 9 figures, 4 plates. 22 x 14cm. £2 2s. 


Sir James Calvert Spence, first Nuffield Professor of Child Health 
at the University of Durham, died in 1954, having created a depart- 
ment with a world-wide reputation and having profoundly influenced 
the care of the sick child. 

Spence was endowed with high intellect and strength of purpose 
combined with a deep compassion for the suffering, which provided 
the impelling drive to create new standards based on clearer under- 
standing. Apart from his gifts as a teacher and innovator, Spence 
could write. His style was lucid and his mind clear. The present 
members of his old department have selected twenty of his papers 
and have grouped them to illustrate his fields of interest and 
influence. 

A memoir by Sir John Charles helps the reader to gain a truer 
appreciation of the full warmth of Spence’s personality than might 
be — from the papers alone. These are written with modesty 
and restraint, with no attempt at self-advancement and with gener- 
ous regard for his colleagues. 

Part I, “The nature of disease”, consists of a variety of papers. 
‘The essay on disease in infancy reveals the thrusting of a mind in 
pre-antibiotic days towards the solution of the problem of the in- 
fectious diseases. In contrast, the paper on pink disease is that of 
the master clinician deeply moved by the sufferings of the child and 
its hapless mother. 

In Part II, there follow papers on sugar tolerance and rickets, and 
a comparative survey of health and nutrition in children. These are 
impeccably controlled studies and models of clinical investigation. 
The survey is an eloquent commentary on social conditions in the 
industrial North of the nineteen-thirties. 


Printed in Great Britain by Spottiswoode, Ballantyne & Co. Ltd., London & Colchester 
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Part III includes the well-known study, “‘A thousand families in 
Newcastle-upon-Tyne”, designed to identify the diseases of child- 
hood, trace their origins and measure their effects. This study re- 
quired years of sustained co-ordination of hospital services, general 
practice and health authorities. Spence wrote that there was a need 
for the “synthesis of understanding in the minds of all who take 
part in these services. This understanding must begin in a 
knowledge of the facts.” 

The principle of allowing a mother to have free access to her 
seriously ill child and to share in the nursing will always be associ- 
ated with Spence. In Part IV, entitled “‘The care of the sick child”, 
he makes his case with irresistible force. 

There is much wisdom, often expressed with epigrammatic deft- 
ness, in these remarkable writings, and throughout one is impressed 
by the obvious ease with which he maintained the high intellectual 
level of his work. There are few equals in medical prose to his fine 
lecture, “* The purpose of the family”, with its appeal that our present 
philosophy of human welfare should recognize that the family, not 
the isolated individual, is the unit of args 

Spence will be remembered as a great physician, and this book, 
which will be widely read, will help future generations to know why 
he should thus be remembered. 

Robert Smith 


The Searching Mind in Medicine 
William A. R. Thomson. London: Museum Press, 1960. 187 
pages; plates; figures. 22 x 14cm. £1 1s. 


The searching mind was the title used by the British Broadcasting 
Corporation for a series of talks broadcast in their External Services 
by experts from different branches of scientific research. Dr 
W. A. R. Thomson read the scripts and also studied original papers 
and monographs on the various topics. In this book he has handed 
on the essence of some of the original talks, together with much 
additional information which could not have been put over easily 
by word of mouth and which, in addition, brings the articles up to 

te. 

The subjects cover a wide field. They include the uses and hazards 
of radioactive isotopes and radiations; the biochemistry and chemo- 
therapy of cancer; learning, memory, hypnotism and behaviour; 
the importance of blood groups in anthropology and pathology, 
problems of ageing and also of arresting ageing by low temperatures 
and other means; the nature of viruses and how they work, and 
finally, the biochemical structure and mode of action of antibiotics. 
Few individuals other than an experienced editor or author of a 
medical dictionary could have grasped and presented the outstand- 
ing feature of research along such diverse lines. 

The dust-cover says that the book is intended primarily for the 
general reader and that it is written in non-technical language. The 
inclusion of chemical formulae, words not used in ordinary domestic 
and business circles, and intimate details about cancer of the bladder 
and other diseases is, however, likely to limit its appeal. On the 
other hand it should be of considerable interest to undergraduate 
and postgraduate students of medicine and its associated disciplines, 
including physiology, biochemistry and biophysics. Specialists on 
any of the subjects discussed may be put off by small inaccuracies. 
For example, in the interesting article “Life below zero”, Dr 
Thomson writes that electrical impulses have been recorded from 
hearts at temperatures as low as — 79°C. This is not true. Electrical 
impulses were completely abolished when hearts of mammals were 
cooled to temperatures between + 10° and 0°C., depending upon 
species. Irregular electrical impulses were only recorded in some 
experiments after hearts had been thawed from —79°C. Such 
errors could have been eliminated by submitting the manuscripts 
to appropriate advisers. 

It is to be hoped that Dr Thomson will write other books of this 
kind for the particular benefit of scientific students and medical 
practitioners, and that in so doing he will lose none of his present 
“ general readers”. 

A. U. Smith 


Brit. med. Bull. 196¥ 
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| Foetal and Neonatal Physiology: Introduction 


The foundations of foetal and neonatal physiology were laid by the observations of 
| Robert Boyle and William Harvey on the ability of the foetus to withstand a lack of oxygen, 
. }- and of W. F. Edwards who made many experiments in the early years of the nineteenth century 
| 


on the thermal instability of the new-born. Claude Bernard also made an important contribution 
to foetal physiology by his observations on glycogen, but little more was heard of the subject 
till well on in the present century. The function of the foetal organs remained the speculative 
playground of the morphologists, and the physiology of the new-born animal was “‘just 
nobody’s business”. Within the last forty years, however, under the inspired leadership of men 
like E. A. Park, James Gamble and Sir Joseph Barcroft, these dormant aspects of physiology have 
suddenly sprung to life. Paediatricians suddenly woke up to the fact that hundreds of lives might 
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be saved by applying the elementary principles of 
salt-and-water metabolism to infectious diarrhoea, 
and the application of new techniques to the right 
animal made the respiratory physiology and the cir- 
culation of the foetus and new-born animal a living 
subject. A timely contribution to the chemistry of 
development was made in the early 1930’s by 
Joseph Needham, who made a monumental compila- 
tion of the work which had been published up till 
that time on this subject. 

Given all these incentives, progress would un- 
doubtedly have been rapid, but over the next decades 
it was further accelerated by the discoveries of Sir 
John Hammond and others that in animals of com- 
mercial value the well-being of the foetus and the 
size and vigour of the newly born depended largely 
on the nutrition of the mother. These principles have 
been applied to animal husbandry, and indeed to 
clinical medicine, with increasing momentum and 
understanding. Although not strictly involving the 
neonatal period, the reluctance of women in highly 
developed countries to feed their children at the 
breast, and the lamentable state of nutrition of many 
weanling children in the tropics, have also focused 
attention on the nutritional requirements, and par- 
ticularly the protein requirements, of the new-born 
animal; and the possibility of varying its intake and 
so altering its growth pattern, size and even longevity 
are problems before us today. 

Books have appeared on the physiology of the 
foetus and on that of the new-born animal, and also 


on the early growth and development of farm animals. . 


The application of fundamental physiological prin- 


ciples to the management of premature infants has 
become a study in its own right, for although there 
have been great reductions in infantile mortality 
within the present century we are only beginning to 
realize how much can be done to reduce mortality 
before birth and in the first days after it. Progress 
has been so rapid that many of the contributors to 
this present number of the British Medical Bulletin 
were colleagues of James Gamble and Sir Joseph 
Barcroft, and the influence of these men can still be 
seen in many of the pages of this symposium. Some 
of the authors have passed through the now flourish- 
ing school of foetal physiology at St Mary’s Hospital, 
London, or are at the Nuffield Institute for Medical 
Research at Oxford. Others again have come in from 
new fields of their own to make contributions on 
blood pressure, the acquirement of immunity and 
immunological tolerance, protein and amino-acid 
movements in the foetus and new-born animal, trans- 
port mechanisms in the placenta and red cells, and 
enzyme development. From such sources also come 
the papers on newer aspects of placental histology, 
foetal endocrinology, and the chemoreceptors and 
their function in the aortic-pulmonary body. 

There are many working actively today on the 
subjects of foetal and neonatal physiology. The 
problems are being studied by men and women in 
most of the countries in Europe, and in India, Russia, 
the United States of America, Mexico, Jamaica, 
Uganda and South Africa. Great advances will 
surely follow, and judging by the contents of this 
number Great Britain is ready to play a leading part. 

R. A. McCance 


Professor J. H. Burn acted as Chairman of the committee 

that planned this symposium, and Professor K. W. 

Cross as the Scientific Editor. We are greatly indebted 
to them for all the help they gave. 
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To justify an addition to the abundant collection of existing 
texts of placental structure one must change the point of view, 
but one cannot make significant changes in the facts already 
so often and so fully recorded (Grosser, 1908, 1909; Mossman, 
1937; Amoroso, 1952, 1955a, 1955b, 1959a, 1959b, 1960a, 
1960b). 

As would be expected, investigators up to the present time 
have concerned themselves mainly with the topography and 
histological relationships of placental structures, employing 
for the most part standard histological and histochemical 
techniques. More recently, however, the advent of electron 
microscopy has enabled the submicroscopic structure of the 
placental membrane to be depicted with greater precision than 
with the older conventional methods, and the hope has been 
expressed that the newer details would throw light on many 
problems still obscure. It will be of interest, therefore, to 
examine to what degree the findings with the electron micro- 
scope coincide with, or differ from, the cytological and 
histochemical observations made with the light microscope. 

Most writers, from Aristotle onwards, start with an attempt 
to define what is meant by a placenta (Aristotle, translated by 
Platt, 1910). The difficulty of making such a definition in any 
way which will include all sorts of mammalian placentas as 
well as those placenta-like connexions seen in certain lower 
forms has been stressed by Mossman (1937) and Amoroso 
(1952), and no useful purpose would be served by reviving 
this argument. However, some definition of the systems to 
be discussed is necessary, and it is probably safe to assume 
that most biologists would agree with Mossman (1937) that 
“An animal placenta is any intimate apposition or fusion of 
the fetal organs to the maternal (or paternal) tissues for 
physiological exchange. . .” 

Nevertheless, when we speak of “‘the placenta” we com- 
monly have in mind a more restricted use of the term, i.e., 
as equivalent to “‘the chorio-allantoic placenta” (Plate I: C), 
such as is found in all eutherian mammals as well as in certain 
viviparous reptiles, and in which the chorion is vascularized 
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from the allantois and fuses with the uterine mucosa to form 
a complex placental membrane. 

The chorio-allantoic placenta is not, however, the only 
means of contact between the foetus and the mother. Before 
the differentiation of the allantoic placenta, it is a portion of 
the yolk sac and the intervening chorion which forms the 
primary placental connexion with the maternal tissues 
(Plate I: A). In these circumstances, the physiological 
processes are carried out by means of a yolk-sac placenta 
which may persist and function concurrently with the 
allantoic placenta (see Plate [V: V, W). 


1. Evolution of Placentation in Mammals 


It is a universal biological fact that some provision is made 
for sustaining the fertilized ovum until it reaches the age at 
which it can successfully survive as an independent unit. In 
the animal kingdom the mammalian ovum, in all except the 
Oviparous monotremes, is small and contains so little yolk 
that it can never pass beyond the very early stages of develop- 
ment unless additional food material is provided. Prenatal 
life starts with segmentation of the fertilized ovum, then the 
ovum is caught and lodged in the superficial tissues of the 
uterus. Here it is retained and, by modifications of the maternal 
tissues and a part of the ovum itself, a complex placenta is 
formed which functions as an organ of physiological exchange 
between mother and young. 

The evolution of placentation in mammals, that is, the 
establishment of a respiratory and trophic (nutritional) 
connexion between mother and foetus, has not been accom- 
panied by the evolution of new foetal structures beyond those 
encountered in reptiles. Typically in mammals, there exist 
three essentially different main types of placenta. 

In the first type, the connexion is established between the - 
uterine wall and the yolk sac with its network of vitelline 
blood vessels. This is the chorio-vitelline or yolk-sac placenta. 
In higher mammals the degree of development of the yolk-sac 
placenta varies from one group to another; in some mar- 
supials, e.g., the opossum and the native cat, it is the only 
instrument of placentation. It has undergone its highest 
specialization in animals like the rabbit, where it functions as 
an organ of exchange whose importance is not secondary to 
that of the chorio-allantoic placenta. 

In the second type of mammalian placenta, certain portions 
of the allantoic sac fuse with the adjacent chorion and enter 
into a very peculiar relationship with the uterine wall, the 
allantoic vessels taking over the transport of substances from 
the mother to the embryo, and vice versa. This is the chorio- 
allantoic placenta, and in all higher mammals is the principal, 
and in some the only, instrument of placentation (Plate I: C). 

The third type, the chorionic placenta, is formed largely by 
de-vascularization of the chorio-vitelline placenta. The true 
chorion is never vascular. However, the fact that the non- 
vascular chorionic placenta comes into existence independ- 
ently of the allantois, and during the period of functional 
decline of the chorio-vitelline placenta, opens up the 
possibility that it may provide a pathway through which 
transference of material to the coelomic cavity could occur. 


2. The Chorio-Vitelline Placenta 


The yolk-sac placenta includes the non-vascular bilaminar 
omphalopleur and the vascularized trilaminar omphalopleur. 
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The former is the foetal component of the yolk-sac placenta 
during its early development, and consists of the combination 
of the endoderm of the yolk sac and the ectoderm of the 
trophoblast which is in apposition with the endometrium. 
When invaded successively by the mesoderm and area vascu- 
losa, this bilaminar structure is converted into the trilaminar 
omphalopleur, the foetal component of the chorio-vitelline 
placenta (Plate I: A). 

In many mammals, the vascular splanchnopleuric em- 
bryonic segment of the yolk sac becomes inverted by the 
enlargement of the coelom, and is pushed into the non- 
vascular, abembryonic segment of the primitive yolk sac, 
until the two are rather closely approximated and the original 
yolk-sac cavity becomes a merc slit between them. In the 
incomplete condition the bilaminar omphalopleur still 
separates the endoderm of the vascular segment from the 
uterine tissues, whereas in the complete condition it disappears 
and the endoderm is exposed to the uterine lumen or is in 
direct apposition to the uterine mucosa. The many variations 
in this form of completely inverted yolk-sac placenta cannot 
be dealt with here and the interested reader should consult 
the elaborate account of Mossman (1937). 

As a basis of approach to the whole problem of the role 
of the yolk sac in the economy of the mammalian foetus, the 
reader should consult the paper by Hemmings and Brambell 
in this number of the Bulletin.* 


3. The Mammalian Chorio-Allantoic Placenta 


The placenta presents a continuous change of shape, 
structure, weight and function, and in most species it 
attains its greatest weight considerably before the end of the 
gestation period (e.g., in the rabbit—Cohnstein & Zuntz, 
1884; Barcroft, Flexner, Herkel, McCarthy & McClurkin, 
1935; the goat—Elliott, Hall & Huggett, 1934; Barcroft, 
Elliott, Flexner, Hall, Herkel, McCarthy, McClurkin & 
Talaat, 1935; the sheep—Barcroft, 1946). Indeed, if the 
period of gestation (e.g., in the rabbit) be prolonged, though 
the foetuses may continue to grow to something like twice the 


1 See Hemmings & Brambell, p. 96 of this number of the Bulletin.—Ep. 
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TABLE |. Tissues Separating Foetal and Maternal Blood 


Trophoblast 


normal weight at term, there is little significant further 
growth in the attached placenta (Snyder, 1934; Barcroft & 
Young, 1945; and others). 

In the human female, however, the placenta is heavier than 
the foetus until about the 16th week, when the two are usually 
equal. Thereafter, the placental:foetal ratio continues to 
fall, and in the last three months of gestation the foetal weight 
usually increases about three times and the placental weight 
only one and a half times. 

Once formed, the placenta is essential to the development 
and growth of the foetus until the latter is able to exist 
independently (with the qualification of postnatal dependence 
on the mammary glands). On the other hand, the ability of 
the completed placenta to persist and to lead an existence 
independent of the embryo has been shown to be true for 
several species of mammals (Klein, 1934; Newton, 1935; 
Haterius, 1936; Courrier, 1945; Huggett & Pritchard, 1945; 
Amoroso, 1960a). 

Formation of the chorionic villi characterizes the union of 
the foetus with the uterus in all the higher mammals and, 
since these are the organs of primary importance in effecting 
the nourishment of the foetus, their final distribution on the 
surface of the chorion has been utilized in defining some of 
the characteristics of the chorio-allantoic placenta. In shape 
the placenta varies from the primitive type, in which the villi 
are distributed quite uniformly over the chorion (e.g., in the 
pig and horse), to that in which the villous areas are restricted 
to well-scattered tufts or cotyledons (e.g., in the goat, sheep, 
cow), a well-formed girdle-like band (e.g., in the cat, dog, 
dingo), or a disk-shaped organ such as occurs in the primates, 
including man. 


4. The Placental Barrier and Grosser’s Classification 


Traditionally, the chorio-allantoic placentas of eutherian 
mammals have been classified into four principal types 
according to Grosser’s concept of the degree of erosion of the 
maternal tissues present (Grosser, 1908, 1909), the names 
given to each type indicating the two tissues—one maternal, 
the other foetal—which are in immediate contact (see Table I). 
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Thus, simple apposition of uterine epithelium and chorion was 
classed as “‘epitheliochorial”; erosion of uterine epithelium 
but not of maternal connective tissue was called “‘syndesmo- 
chorial”; erosion of both the epithelium and the connective 
tissue was designated ‘“‘endotheliochorial”; and complete 
destruction of the uterine tissues so that maternal blood is 
directly in contact with the foetal chorion, as in the primates, 
was called ‘“‘haemochorial”. Subsequently, Mossman (1926, 
1937) suggested adding a haemo-endothelial placenta to the 
types proposed by Grosser, to accommodate the rabbit, the 
rat and the guinea-pig, because he believed that the tissues of 
the separating membrane were reduced to the absolute 
minimum of foetal vascular endothelium. 

There can be little doubt that Grosser’s grouping of chorio- 
allantoic placentas of mammals by the number of tissue layers 
between the maternal and foetal circulations, in so far as it 
provides a ready means for their histological characterization, 
retains its hold upon present-day thinking more effectively 
than does his judgement of the relative efficiency of epithelio- 
chorial versus haemochorial placentas. Grosser’s basic 
assumption—that the fewer the layers the greater the speed 
of diffusion—has not been entirely substantiated. 

It has become apparent in the last 20 years that the placental 
membranes in man and other mammals, which mediate the 
metabolic exchange between the foetal and maternal blood 
streams, are exceedingly complex in their cytological and 
histochemical structure (Wislocki & Streeter, 1938; Wislocki 
& Bennett, 1943; Dempsey & Wislocki, 1944, 1945, 1946; 
Wislocki & Dempsey, 1945, 1946a, 1946b). 

In the account which follows, attention will be paid to the 
so-called placental barrier in the chorio-allantoic placenta, 
with particular reference to results of investigations with the 
electron microscope. 


5. The Epitheliochorial Placental Membrane 


The classical examples of this type of membrane are found 
in pigs and horses. In these animals the placenta is ordinarily 
described as a simple apposition of chorionic and endometrial 
epithelial surfaces, variously folded and pressed together at 
certain points (Plate I: B, D) and widely separated at others 
(areolae in the sow and endometrial cups in the mare) by the 
uterine lumen and its contained secretions (Plate I: E, F; 
Amoroso, 1955a, 1955b). This accurate alignment of the 
chorion and endometrium along alternating folds and ridges 
has suggested a direct and positive apposition of the two 
surfaces (Robinson, 1903, 1904; Amoroso, 1952, 1955a), and 
electron micrographs have amply confirmed this view 
(Plate II: G, J). 

As observed with the light microscope (Wislocki & 
Dempsey, 1946b; Amoroso, 1952, 1955a; Amoroso & 
Matthews, 1958), the tall, columnar cells lining the chorionic 
fossae in the pig’s placenta usually contain numerous, 
homogeneous, colloid droplets located in the basal parts of 
the cell (Plate I: D). These droplets are easily recognized in 
electron micrographs, where they appear in various shapes 
(Plate II: H). Large ovoid nuclei with prominent nucleoli 
occupy the centres of the chorionic cells. 

In contrast to the chorionic cells of the fossae, the foetal 
epithelial cells at the tips of the chorionic ridges are cuboidal, 
and the foetal capillaries, enveloped by a basement membrane, 
may penetrate so intimately between the cells that they often 
form intra-epithelial plexuses (Plate I: D). This invasion of 
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the trophoblast with capillaries was first described by Tafani 
(1886), independently again by Goldstein in 1926, and is 
referred to by Heuser (1927), Wislocki & Dempsey (1946b), 
and Amoroso (1952). 

While it is certainly true that the chorionic epithelium, in 
both the sow and the mare, never becomes invasive, and that 
the uterine epithelium is, for the most part, preserved intact, 
there is nevertheless a rich maternal capillary bed which 
underlies very closely the uterine epithelium (Plate I: B). 
Here, the capillaries displace the cuboidal epithelial cells to 
some degree and compress their cytoplasm in some places 
into thinned-out plates. As pointed out in a previous para- 
graph, a similar close relationship develops between the 
blood vessels and the epithelial cells lining the chorionic 
ridges (in the sow, Plate II: G) or villi (in the mare) and the 
underlying foetal capillaries. These folds or villi are exceed- 
ingly vascular and the capillaries dislocate the epithelial cells, 
covering them to some extent, thus channelling short tunnels 
in the epithelium. The morphological relationships so 
created are thus quite different from those implied by 
Grosser’s formulation (Table 1), Accordingly, when it is 
realized that over a considerable area of the placental face only 
the thinnest laminae of epithelial cytoplasm separate the two 
vascular plexuses, the intra-epithelial capillaries acquire 
greater significance as a means of exchange between the 
mother and her offspring. 

Electron micrographs at mid-gestation frequently exhibit 
vacuoles in the chorionic epithelium in regions close to the 
intra-epithelial vessels, but in no other situations. In the 
opinion of Dempsey, Wislocki & Amoroso (1955), this 
appearance suggests an active process associated with the 
biood vessels, causing thinning of the chorionic cell with the 
formation of spaces into which the capillary can insert itself. 
Colloid droplets are infrequent in the cells of the ridges as 
compared with the cells of the fossae, but a goodly number 
of mitochondria are present, especially in the apical portions 
of the cells, where they occur near the junction with the 
endometrium (Plate II: G, J). 

The cytoplasm of the endometrial epithelial cells apposed 
to the ridges and fossae possesses a relatively pale apical zone 
beneath the surface membrane (Plate II: G, J), which is 
devoid of mitochondria and large cytoplasmic granules. 
Beneath this outer zone, the cytoplasm contains dense 
aggregates of granules and many small mitochondria. 

At the apical surfaces of the chorionic cells of both the 
chorionic ridges and fossae, the plasma membrane is closely 
apposed to the cell membrane of the endometrial epithelium 
in a complex fashion. The cell junctions appear simplest in 
the regions of the chorionic ridges. Here, microvilli of the 
uterine epithelium and the outward projections of the 
chorionic cells meet, in relatively simple interdigitations 
(Plate II: G, J). The junctional area of the chorionic cells 
of the fossae also appears to involve projections of the cell 
membrane. Occasional delicate thread-like invaginations of 
the foetal plasma membrane penetrate the foetal cells for 
rather long distances and doubtless account for the presence 
of the surface ‘‘ brush’’ border seen with the light microscope 
(Plate I: D). 

In the past, investigators of the ungulate placenta have 
dissented widely in their interpretations of the manner of 
union of chorion and mucosa in the sow. On the one hand, 
the accurate alignment of the maternal and foetal components 
has suggested a direct and positive apposition of the two 
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epithelial surfaces (Robinson, 1903, 1904; Amoroso, 1950, 
1952, 1955a), whereas the separation of the two layers 
ordinarily seen in microscopical preparations leaves room to 
argue that a residual lumen remains patent between the two 
layers (Bonnet, 1907; Grosser, 1909; Abromavich, 1926). 
However, the present observations, as well as investigations 
of Dempsey ef al. (1955) on the complex submicroscopic 
interdigitations of the plasma membranes of the foetal and 
maternal epithelia in mares and sows, indicate that there is 
inadequate space for uterine milk to accumulate, except 
beneath the domes of trophoblast of the areolae (in the sow 
and mare) and of the endometrial cups (in the mare). 

This conclusion agrees with the earlier account by Amoroso 
(1952). Accordingly, it must now be admitted that all 
absorption of substances secreted by the uterine glands in the 
sow must take place in the areolae (Plate I: F), and in the 
mare in the domes of trophoblast overlying the endometrial 
cups and not by the cells lining the folds and villi, since no 
avenue is now known whereby the glandular fluids could be 
transported to these cells. Consequently, any material absorbed 
by the latter must, therefore, be provided by the intimately 
apposed cells of the foetal—maternal function. 

Like the sow’s, the mare’s placenta is of the epitheliochorial 
type according to the classification of Grosser. Here, too, the 
zone of apposition between the foetal and maternal tissues is 
characterized by a system of interdigitating microvilli from 
the chorionic and endometrial epithelia. However, an electron 
micrograph of the region of intimate interdigitation of the 
surface membranes of the uterine epithelium and the chorionic 
cells in the mare’s placenta shows an appearance which is 
more nearly like that of the cow than of the sow (Plate IT: K). 


6. The Syndesmochorial Placental Membrane 


In this type, the uterine epithelium disappears to a greater 
or less extent, leaving the chorion in contact with the con- 
nective tissue of the endometrium. Grosser (1909) considered 
that this type of membrane was characteristic of ruminants. 
However, of the ruminants so far investigated, this would 
seem to be true only of the sheep and the black buck 
(Assheton, 1906; Wimsatt, 1950, 1951; Amoroso, 1952), 
since the majority of investigators are now inclined to believe 
that the bovine placenta (Bjérkman, 1954; Bjérkman & 
Bloom, 1957) as well as that of the Cervidae (Hamilton, 
Harrison & Young, 1960) are actually more like the epithelio- 
chorial type than Grosser’s table would indicate (see also 
Plate III: Q). 

In ruminants, the external form of the placenta is cotyle- 
donary. Each cotyledon consists of numerous fairly slender, 
but richly vascular, chorionic villi which are accommodated 
in furrows or crypts of the uterine caruncle, the walls of 
which form the so-called maternal septa, or maternal 
trabeculae. 

The nature and origin of the investing tissue of the maternal 
septa have proved to be exceedingly difficult and contro- 
versial. The lining epithelium of the ovine crypts was believed 
by Assheton (1906) to be a foetal plasmodium formed by the 
fusion of originally separate cells. He states that these lining 
elements are the same as the irregular lining which is found at 
the close of the attack upon the uterine epithelium by the 
foetal trophoblast, and this view is supported by both 
Wimsatt (1950, 1951) and Amoroso (1952). But, despite the 
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assertions of Assheton, Wimsatt and Amoroso, the opinion 
has gained ground that the tissue investing the maternal 
septa, in many ruminant species, arises by direct trans- 
formation of the maternal mucosal elements; but which 
specific cells of the mucosa give rise to the lining cells has not yet 
been decisively demonstrated. In the cow, Kolster (1902, 1903), 
Ledermann (1903), Jenkinson (1906) and Chiodi (1927) 
believed them to be modified uterine epithelium. Hammond 
(1927), on the other hand, states that they are not true 
epithelial cells, “‘but consist of connective tissue plasma or 
lamellar cells” of maternal origin. Kolster (1908, 1909) and 
Andresen (1922, 1927), who described the foetal—maternal 
function in the cotyledons of various ruminants, including the 
red deer and the reindeer, ascribe to the syncytial masses 
(including the giant cells) an origin from the trophoblast 
covering the villi. However, Wislocki (1941) and Wislocki & 
Fawcett (1949) are unable to agree with this, although 
Wislocki himself is doubtful from which specific cells of the 
mucosa they do arise. Wislocki (1941) regards their origin 
from mucosal elements as indicative of a reaction similar in 
character to the decidual reaction in placentas of the typically 
deciduate variety. 

It will by now be obvious to the reader that much un- 
certainty exists regarding the nature of the cells lining the 
crypts. The observations recorded by Bjérkman & Bloom 
(1957) and by Hamilton et al. (1960), using the electron 
microscope, make it clear, however, that in the cow and 
fallow deer at least, the epithelial lining cells, the majority of 
which are cuboidal, are of maternal origin and not of foetal 
origin as was once supposed. 

The remaining cryptal cells, the binucleates, are believed by 
Hamilton et al. (1960) to have migrated there from the 
trophoblast, whereas Bjérkman (1954) is convinced that 
binucleate cell formation is a property of both maternal and 
foetal tissues. It is thus apparent that in the cow and in the 
fallow deer the placental membrane, according to strict 
definition and employing Grosser’s terminology, is of the 
epitheliochorial rather than the syndesmochorial type. 
Whether the sheep’s placenta, which has long been con- 
sidered as syndesmochorial, will continue to be so regarded, 
after examination with the electron microscope, remains an 
open question. 

Electron micrographs of the foetal—maternal junction in 
the placentome of the cow (Plate III: N, P, R) reveal very 
sharply and handsomely the presence of a considerable 
number of microvilli projecting from both sides of the 
contact surface, thus creating an intimate apposition of the 
foetal and maternal tissues. The uterine epithelial cells are 
provided with a great number of these microvilli, which are 
located on the apical surface as well as along the sides of the 
cells where they may reach as far down as below the level of 
the nuclei. The cryptal giant cells are, according to Bjérkman 
& Bloom (1957), devoid of villi. 

The chorionic cells are closely related to the cryptal cells 
and are likewise provided with numerous microvilli, which 
interdigitate in complex patterns with those of the cryptal 
cells. As the trophoblastic cells of the chorion are larger than 
the cryptal cells, one trophoblast cell may be in contact with 
several uterine cells, and the wedge-shaped processes from 
the chorionic cells which lie opposite the gaps between the 
protruding uterine epithelial cells may extend for some 
distance towards the basement membrane of the latter 
(Plate III, R). 
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